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Abstract

The growing demand for sensitive, selective, and rapid detection of trace analytes in
complex matrices is driving the development of compact optical sensing platforms. Meta-
surfaces can strengthen light-matter interactions through subwavelength field confinement
and resonance engineering, thereby enhancing spectroscopic signals and sensitivity to
analyte-induced refractive-index changes. This review examines the physical principles,
material platforms, sensing mechanisms, and applications of metasurface-enhanced sens-
ing in chemical analysis, biosensing, and environmental monitoring. Metallic, high-index
dielectric, two-dimensional, and functional materials are discussed in relation to plasmonic
and Mie resonances, Fano interference, and quasi-bound states in the continuum. Across
these applications, optical enhancement alone does not guarantee strong analytical perfor-
mance. Results depend on analyte access to the enhanced field, the selectivity of the sensing
interface, and the extent of matrix interference. Further progress will require reproducible
fabrication, stable operation, consistent evaluation protocols, validation with real samples,
and readout systems suitable for portable use.

Keywords: metasurfaces; enhanced sensing; chemical sensing; biosensing; environmen-
tal monitoring

1. Introduction

Chemical analysis, biosensing, and environmental monitoring require sensitive, selec-
tive, and rapid measurements in complex samples [1-7]. Chromatography-mass spectrom-
etry often depends on bulky instruments and sample preparation, while electrochemical
sensors are susceptible to interfacial changes and matrix interference. Weak Raman scatter-
ing and infrared absorption further constrain compact spectroscopic measurements [8-12].
These limitations motivate optical platforms that strengthen light-analyte interactions
while supporting reliable quantitative readout.
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Surface plasmon resonance (SPR) [13,14], localized surface plasmon resonance
(LSPR) [15,16], photonic crystals, and optical microcavities [17-19] concentrate electro-
magnetic energy near sensing interfaces. Such confinement supports surface-enhanced
Raman scattering (SERS) and surface-enhanced infrared absorption (SEIRA) [20-23]. Prac-
tical performance nevertheless depends on optical loss, resonance linewidth, hotspot
uniformity, and molecular selectivity, requiring coordinated control of field localization
and interface chemistry.

Metasurfaces comprise ultrathin arrays of subwavelength elements whose geometry,
arrangement, and material composition determine their optical response [24-26]. Plasmonic
and Mie resonances, Fano interference, and quasi-bound states in the continuum (quasi-
BICs) provide complementary control over field localization and linewidth. Unlike ideal
bound states in the continuum (BICs), quasi-BICs retain finite radiative coupling for far-field
excitation and readout [27-30].

This review focuses on engineered surfaces containing subwavelength resonant ele-
ments. Related SERS substrates, fiber-integrated plasmonic arrays, and photonic—plasmonic
assemblies are included when they demonstrate transferable strategies for capture, recogni-
tion, field overlap, or readout; their architectures are identified explicitly. Direct near-field
sensing is distinguished from systems in which metasurfaces act as sources, filters, or
readout components. The microwave examples in Section 5.3.2 are treated as nonoptical
extensions illustrating passive wireless sensing under their reported validation conditions.

Applications span gas analysis and catalytic monitoring [31,32], biomolecular and
cellular assays [33,34], and environmental contaminants [35-37]. Microfluidics and two-
dimensional materials provide control over transport and interfaces [38,39], while phase-
change materials enable reconfiguration after fabrication [40]. These functions should be
evaluated within the complete sensing workflow rather than as isolated optical features.
Comparing the three application areas also helps distinguish shared design requirements
from application-specific limitations.

High Q factors and low detection limits alone do not establish practical readiness.
Chemical sensing requires selectivity; catalytic monitoring additionally requires unam-
biguous assignment of catalytic intermediates; biosensing requires control of nonspecific
adsorption and validation in independent cohorts; environmental monitoring requires
tolerance to changing conditions and low drift.

Earlier reviews have addressed metasurface optical sensors [41], dielectric biosens-
ing [42], quantitative biosciences [43], and enhanced vibrational spectroscopy and pho-
tocatalysis [44]. However, these topics are often discussed separately, making it difficult
to compare how optical enhancement translates into analytical performance across dif-
ferent sensing scenarios. Here, chemical, biological, and environmental applications are
examined through a common framework linking resonator design, analyte delivery, recog-
nition chemistry, matrix effects, and readout. Particular attention is given to the distinction
between optical figures of merit and application-oriented evidence, including selectiv-
ity, reproducibility, complex-sample compatibility, and operational stability. Numerical
predictions, experimental calibrations, and validation in complex samples are therefore
considered separately.

This narrative review emphasizes studies published during 2021-2026, alongside
foundational work, with a targeted literature update completed on 5 October 2026. Studies
were selected for relevance, a clear physical or analytical contribution, and reported sample
conditions, performance metrics, and validation. Experimental evidence was prioritized
for analytical applicability; numerical studies illustrate emerging designs and are identified
explicitly. Related platforms were included only where their transferable contribution
was clear.
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Figure 1 summarizes the sensing modalities and applications. Section 2 introduces
mechanisms, metrics, and materials; Sections 3-5 compare chemical, biological, and envi-
ronmental sensing; and Section 6 addresses integrated design, machine-learning validation,
and reporting requirements.
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Figure 1. Overview of metasurface-enhanced sensing mechanisms and their applications in chemical,
biological, and environmental monitoring.

2. Fundamental Theory and Material Systems for
Metasurface-Enhanced Sensing

2.1. Basic Principles of Metasurfaces
2.1.1. Representative Resonance Modes and Their Physical Mechanisms

The resonant response of metasurfaces arises from modes supported by individual
structural elements and collective coupling across the array [41,45,46]. Figure 2 summarizes
representative resonances and radiation-coupling mechanisms. Fano interference and
quasi-BIC behavior can occur in both plasmonic and dielectric platforms [47,48].

LSPR in metallic nanostructures arises from collective oscillations of conduction elec-
trons driven by the incident optical field [15,49,50]. At resonance, electromagnetic fields
can be strongly confined near metal surfaces, tips, and nanogaps, enhancing interactions
with nearby analytes.

For an isolated metallic ellipsoid much smaller than the wavelength in a homogeneous,
nonabsorbing dielectric medium, the dipolar resonance along a principal axis approxi-
mately satisfies the following condition in the quasistatic, weak-loss limit [51]:

Re[en(wres)] ~ —Beg 1)
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where w,s denotes the resonance angular frequency, &;,(wres) is the complex relative
permittivity of the metal, and ¢, is the real relative permittivity of the surrounding medium.
The geometrical factor g = (1 — L)/L is determined by the depolarization factor L along the
selected principal axis. For a sphere, L =1/3 and 8 = 2. Substrate effects, retardation, and
interelement coupling require additional treatment when describing practical metasurfaces.
The enhanced near fields support SERS, SEIRA, and refractive-index sensing, although
ohmic losses broaden resonances and limit the Q factor [50,52,53].

High-refractive-index dielectric nanostructures support electric-dipole, magnetic-
dipole, and higher-order multipolar Mie resonances [54,55]. Within spectral regions of
low material absorption, nonradiative losses are small, although resonance linewidths
remain dependent on radiative leakage and mode coupling. Balancing the amplitudes and
phases of spectrally overlapping electric and magnetic dipole contributions can produce a
Huygens response, enabling directional scattering and efficient transmission with phase
control [56]. For sensing applications, the field distribution in analyte-accessible regions
must also be considered to ensure sufficient spatial overlap between the resonant field and
the analytes [42,57].

Fano resonances arise from coherent interference between a spectrally narrow resonant
channel and a broadband background, typically producing asymmetric line shapes [47,58].
They can occur in both metallic and dielectric structures, with bright-dark mode coupling
representing one common implementation. The sharp spectral features make these struc-
tures sensitive to small refractive-index changes and molecular adsorption. Their linewidth,
asymmetry, and spectral contrast are governed by system dissipation and by the relative
amplitudes and phases of the interfering channels [58,59].

Bound states in the continuum (BICs) are nonradiating modes whose frequencies fall
within the radiation continuum but remain isolated from the available radiation channels
through symmetry protection or destructive interference. For an ideal lossless structure,
the radiative decay rate is zero and the corresponding quality factor formally diverges.
Introducing a perturbation, such as symmetry breaking, opens a radiation channel and
transforms the BIC into a radiative quasi-BIC that can be excited and measured in the far
field. In fabricated devices, absorption, structural disorder, and finite array size usually
reduce the attainable quality factor. A Fano line shape can arise when the quasi-BIC
resonance interferes with a broadband background [48,60].

Localized surface plasmon resonance Dielectric Mie resonances
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Figure 2. Representative metasurface resonances, including localized surface plasmon resonance,
electric- and magnetic-dipole Mie resonances in dielectric metasurfaces, Fano interference, and
BIC-to-quasi-BIC conversion through symmetry breaking.
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2.1.2. Structural-Parameter Tuning and Optical-Response Design

For a fixed material platform and operating spectral range, the resonance response
is governed by both the unit-cell design and the arrangement of elements within the
array. Changing the size or shape of an element can shift the resonance, modify the modal
field distribution, and alter the polarization response. Nanogap dimensions control the
strength of near-field coupling and the location of hotspots, whereas structural and modal
symmetries determine how efficiently the incident field excites a given mode [61,62].

The array period provides an additional means of controlling interelement coupling
and lattice diffraction. When a localized resonance interacts with a diffractive lattice mode,
a surface lattice resonance (SLR) may form. Compared with the resonance of an isolated
element, an SLR can exhibit a narrower spectral linewidth [63]. This narrowing can improve
the resolution of small spectral shifts, although the resulting linewidth and spectral contrast
are also affected by the surrounding dielectric environment and the degree of structural
order in the array [63,64].

Because these geometric parameters are often strongly interdependent, adjoint-based
topology optimization and machine-learning-assisted inverse design can complement con-
ventional parameter sweeps. Such methods are particularly useful when small changes in
geometry produce coupled changes in the optical response [65-67]. For sensing applica-
tions, optimization objectives can include resonance linewidth, spectral contrast, and field
overlap with analyte-accessible regions, while accounting for constraints such as minimum
feature size and fabrication tolerances.

2.2. Electromagnetic-Field Enhancement and Sensing Mechanisms
Figure 3 summarizes the principal spectroscopic and refractive-index readout mecha-

nisms discussed in this section.
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Figure 3. Schematic illustrations of four representative metasurface-enhanced sensing mechanisms:
surface-enhanced Raman scattering, surface-enhanced infrared absorption, fluorescence enhance-
ment, and refractive-index readout.

2.2.1. Local Electromagnetic-Field Enhancement

Under resonant excitation, metasurfaces can generate enhanced electromagnetic fields
at structural surfaces, nanogaps, and other strongly coupled regions, thereby providing
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a physical basis for detecting weak absorption and scattering signals [46,68]. Local-field
enhancement can be quantified by the ratio of the squared electric-field amplitudes [69,70]:
Eloc |2

0

G=1 (2)
where Ej,. and Ej denote the complex amplitudes of the local and incident electric fields,
respectively. G represents the local electric-field intensity enhancement at a specified
position and frequency and should not be equated with an experimentally measured
spectroscopic enhancement factor.

The measured response depends on the field sampled by the analyte. Functional
layers can separate bound molecules from the strongest near fields, while hotspot geometry
and analyte occupancy affect the effective interaction volume. Structures with similar peak
field enhancements can therefore produce different sensing responses [69,70].

2.2.2. Enhanced Light-Matter Interactions: SERS and SEIRA

SERS and SEIRA provide molecular vibrational fingerprints through Raman scattering
and infrared absorption, respectively, but differ in their signal-generation mechanisms and
resonance-matching requirements [68,71].

The electromagnetic contribution to SERS enhancement depends on the local-field in-
tensity enhancements at both the excitation and Raman-scattered frequencies. When these
enhancements are comparable, it can be approximated by the fourth power of the local-
to-incident electric-field amplitude ratio. Chemical enhancement arising from molecule—
substrate interactions should be considered separately. Characteristic Raman bands support
molecular identification, whereas quantitative performance also depends on hotspot uni-
formity, the stability of analyte adsorption and occupancy, and batch-to-batch substrate
reproducibility [68,72].

SEIRA primarily probes molecular vibrational absorption in the mid-infrared region.
Effective enhancement requires spectral matching between the metasurface resonance and
the target vibrational mode, together with sufficient spatial overlap between the analyte and
the enhanced near field. Resonance—vibration coupling can modify the intensity and line
shape of reflection or transmission spectra, allowing vibrational peak positions and spectral
line shapes to support chemical identification. The measured response is also influenced by
molecular orientation, resonance detuning, and background absorption. In aqueous and
other complex matrices, absorption from water and coexisting matrix components must
also be considered because it can interfere with the target vibrational bands [71,73,74].

2.2.3. Fluorescence Enhancement and Refractive-Index Readout

Metasurfaces can influence fluorescence excitation, decay dynamics, and signal collec-
tion by enhancing the excitation field, modifying the local density of optical states (LDOS)
around emitters, and controlling emission directionality [75,76]. Under applicable single-
mode and weak-coupling conditions, the Purcell effect indicates that a high Q factor and a
small effective mode volume can enhance the spontaneous emission rate of an emitting
dipole. The actual outcome also depends on the dipole position and orientation, spectral
matching, and radiative and nonradiative losses [77].

Under weak excitation, the measured fluorescence signal is jointly determined by
the excitation rate, fluorescence quantum yield, and collection efficiency. A shortened
fluorescence lifetime does not necessarily indicate an increase in fluorescence intensity.
For metallic structures, an excessively small molecule-metal separation can enhance non-
radiative energy transfer and cause fluorescence quenching. Dielectric spacer layers or
interface engineering are therefore commonly used to control the separation [78]. Molecular
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specificity in fluorescence assays is primarily provided by fluorescent probes and recogni-
tion reactions, whereas metasurfaces improve excitation, emission, and signal-collection
efficiencies. Au-conjugated lanthanide nanoprobes provide a related nanoparticle example
of ratiometric fluorescence thermometry for monitoring photothermal heating [79].

Refractive-index readout converts analyte-induced local dielectric perturbations into
changes in resonance wavelength, reflectance, or transmittance. Label-free detection can be
achieved through wavelength scanning or fixed-wavelength intensity monitoring [80-82].
The magnitude of the response depends on the spatial overlap between the analytes and the
resonant field, while time-resolved measurements can be used to track molecular binding,
dissociation, and interfacial changes. Because refractive-index changes are not inherently
molecule-specific, target recognition generally relies on functionalized interfaces. Reference
channels or differential measurements can help correct for nonspecific adsorption and
environmental perturbations.

2.2.4. Resonance Characteristics and Sensing Performance Metrics

Performance evaluation of resonance-based sensors should distinguish among reso-
nance linewidth, refractive-index sensitivity, the figure of merit (FOM), and the limit of
detection (LOD). The quality factor Q characterizes resonant energy confinement and is
defined as 27t times the ratio of the stored energy to the energy lost per oscillation cycle.
For a resonance that can be described by a single mode, Q can be expressed as

Q=wo/Aw 3)

Here, wy is the resonance angular frequency and Aw is the linewidth associated
with the resonant mode. For an approximately Lorentzian resonance, this linewidth
corresponds to the spectral full width at half maximum (FWHM). For Fano resonances,
however, the apparent width of an asymmetric peak or dip need not equal the modal
linewidth, and a suitable Fano or coupled-mode model should be fitted to extract Q [47,48].
The measured spectrum also contains the effects of instrumental broadening, spectral
sampling, illumination angle, and background subtraction. Experimental reports should
therefore specify the fitting model, spectral resolution, fitting interval, and uncertainty in
the extracted resonance parameters. Instrument-limited linewidths should be identified
explicitly rather than interpreted as fully resolved intrinsic linewidths.

Within an approximately linear response range, the bulk refractive-index sensitivity
(S) and the commonly used FOM are given by [83]:

S=AMs/An (4)

FOM = S/FWHM ®)

where AA; is the resonance-wavelength shift, An is the refractive-index change in a
homogeneous surrounding medium, and FWHM is the resonance linewidth expressed in
wavelength units.

A high Q factor and a large FOM can improve the resolution of small spectral shifts.
However, effective detection also requires sufficient spectral contrast, spatial overlap be-
tween the analytes and the resonant mode, a high signal-to-noise ratio, and device stabil-
ity [83,84]. The LOD is additionally affected by measurement noise, system resolution,
baseline drift, and the calibration model and therefore cannot be inferred directly from Q
or FOM. The definitions of S and FOM above primarily apply to resonance-shift refractive-
index sensing. For SERS, enhancement factors and signal reproducibility should be as-
sessed [68,72]; SEIRA requires evaluation of vibrational signal contrast and background
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interference [71,73]; and fluorescence should be evaluated using intensity enhancement
together with excitation conditions, quantum yield, and collection efficiency [75,78,85].

Bulk refractive-index sensitivity does not fully characterize the response to a thin
surface-bound analyte layer. Under an exponential near-field model, the surface sensitivity
can be related to the bulk refractive-index sensitivity by accounting for the finite thickness
of the surface layer [86]:

Ss = Sp(1—e i) ©®)

where Sg is the refractive-index sensitivity of a uniform surface layer at a fixed thick-
ness t, and Sp is the bulk refractive-index sensitivity; both are expressed in nanometers
per refractive-index unit (nm/RIU) when wavelength shifts are measured in nanometers.
L; denotes the decay length of the electric-field amplitude, so the corresponding intensity
decay gives the factor of 2 in the exponent. This approximation assumes a weakly perturb-
ing layer directly adjacent to the sensing surface. A thin layer therefore samples only part
of the near field, and its refractive-index sensitivity approaches the bulk value as t becomes
large relative to L.

The importance of analyte-mode overlap can also be expressed through first-order
electromagnetic perturbation theory [87]. For a small dielectric perturbation at fixed
resonator geometry, within the lossless and nondispersive bound-mode approximation,

AA 1 [ De(r) | Eo(r) 1%V -
Ao "2 [e(r) I Eo(r) 12dV

where AA is the resonance-wavelength shift, A is the unperturbed resonance wavelength,
Eo(r) is the unperturbed electric field, £(r) is the permittivity distribution, and Ag(r) is the
analyte-induced permittivity change. Both volume integrals are evaluated over the same
unperturbed modal domain, with Ae(r) equal to zero outside the analyte-perturbed region.
The numerator represents the spatial overlap between the analyte-induced dielectric pertur-
bation and the modal electric field, whereas the denominator provides the corresponding
electromagnetic-mode normalization. Sensor design should therefore maximize the overlap
between accessible analyte regions and regions of strong field intensity. Dispersive, absorp-
tive, strongly radiating resonances, or perturbations involving shifts in high-index-contrast
material boundaries require an appropriate extension of this first-order approximation.

Reference-channel measurements can further improve readout stability by compen-
sating for shared environmental fluctuations, as demonstrated in self-referenced optical
biosensing [88]. When the sensing and reference channels experience comparable common-
mode perturbations, a differential wavelength signal can be defined as

D = AAg — AA, (8)

where D is the differential wavelength signal, and AA; and AA, are the wavelength shifts
in the sensing and reference channels, respectively. The reference channel should minimize
specific target binding while experiencing the relevant environmental and instrumental
perturbations. Effective cancellation by direct subtraction requires closely matched wave-
length responses to these shared perturbations. If the channel responses differ, subtraction
provides only partial compensation, and the mismatch should be characterized through
calibration. Residual differential noise and drift should therefore be quantified under the
intended assay conditions.
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2.3. Metasurface Material Systems

Representative material platforms and their roles in metasurface sensing are sum-
marized in Figure 4. These categories overlap; functional materials are grouped by their
sensing roles rather than dimensionality alone.

Plasmonic Materials High-Index Dielectric Materials
Au Ag Al Si Tio, GaN Ge
Localized surface plasmon resonance Strong field enhancement Low optical loss High-Q resonances
Two-Dimensional Materials Functional Materials
Wi il
L FEFEE SN
.u}'; ; ”,*}ﬁ\’;’fn w/% y
A, e
Graphene TMDs vo, GST MXene
Electrical tunability Strong light-matter interaction Dynamic tunability Multifunctional integration

Figure 4. Representative material platforms and their roles in metasurface-enhanced sensing. Material
icons are schematic.

2.3.1. Plasmonic Materials

Plasmonic materials, including gold (Au), silver (Ag), and aluminum (Al), underpin
metallic metasurfaces. Their complex permittivity, together with structural geometry and
the surrounding dielectric environment, governs LSPR positions, linewidths, and local-field
enhancement [89-92].

Au remains widely used because it combines chemical stability with established
surface-functionalization and nanofabrication methods, making it suitable for biosens-
ing, SERS, and refractive-index sensing in the visible and near-infrared regions [93,94].
Ag generally exhibits low optical loss in the visible range, supporting strong local-field
enhancement and relatively narrow plasmonic resonances; however, its susceptibility to
surface chemical degradation can limit long-term stability [95]. Al is attractive for ultravi-
olet plasmonics because of its high plasma frequency, but its native oxide layer changes
the interfacial dielectric environment and may complicate surface functionalization and
sensing stability [91,96].

Other material options include copper (Cu), magnesium (Mg), doped semiconductors,
transparent conducting oxides, and transition-metal nitrides [92]. TiN combines thermal
stability with processing compatibility, although optical losses, surface roughness, and film
quality still require careful consideration [97]. Material selection should balance spectral
performance, chemical stability, and fabrication compatibility. Metal-dielectric hybrid
structures and low-loss coupled modes offer routes to combine local-field enhancement
with spectral resolution [89,90,92].

Recent numerical studies have explored six-, triple-, and four-band AlCuFe-based tera-
hertz (THz) absorbers [98-100]. These designs demonstrate geometry-dependent resonance
tuning and refractometric responses. Their analytical applicability still requires experimen-
tal validation of analyte-specific detection, fabrication reproducibility, and performance in
realistic samples.
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2.3.2. High-Refractive-Index Dielectric Materials

To reduce the ohmic losses and nonradiative dissipation associated with metallic
plasmonic materials, high-refractive-index dielectrics have become important material
platforms for metasurface sensing. Materials such as Si, TiO;, GaN, and Ge can support
electric-dipole, magnetic-dipole, and higher-order multipolar Mie resonances. Within
appropriate spectral windows, their high refractive indices and relatively low absorption
losses provide favorable conditions for achieving narrow linewidths and high-Q reso-
nances [57,101,102]. However, the actual Q factor is also governed by radiative leakage,
modal coupling, and structural symmetry.

Si is widely used for near-infrared dielectric metasurfaces and supports the design
of Mie, Fano, and BIC/quasi-BIC resonances [103]. TiO, combines a high refractive in-
dex, a broad transparency window, and good chemical stability, making it attractive for
dielectric metasurfaces and optical biosensing [57,102]. GaN provides a low-loss platform
for visible-light metasurfaces and offers opportunities for integrated nanophotonic de-
vices [104]. Ge is particularly suitable for mid-infrared dielectric metasurfaces, where its
optical properties enable resonant field control and molecular spectroscopic sensing [101].
Material selection should therefore consider the operating wavelength, absorption loss,
refractive index, analyte access to the resonant field, and fabrication tolerances, especially
for high-Q structures.

2.3.3. Two-Dimensional Materials

Two-dimensional materials combine atomic-scale thickness, high surface-to-volume
ratios, and tunable electronic properties, enabling their use as optical modulation layers and
sensing interfaces [105,106]. Their optical and electronic responses are sensitive to molecular
adsorption, charge transfer, and changes in the surrounding dielectric environment.

Graphene supports tunable plasmonic modes in the mid-infrared and terahertz regions.
Its Fermi level can be controlled through electrical gating, electrochemical doping, or chem-
ical functionalization [105]. Integration with metallic or dielectric metasurfaces combines
local-field enhancement with tunable resonance and absorption responses, supporting ap-
plications in mid-infrared molecular fingerprinting and refractive-index sensing [107,108].

As a recent design example, Zha and Cheng numerically investigated a patterned
graphene absorber with five mid-infrared resonances and wavelength sensitivities of
approximately 931-1134 nm/RIU [109]. The work illustrates multichannel refractometric
design and tunability through graphene parameters. However, the calculated responses
to changes in the surrounding refractive index should be distinguished from selective
molecular recognition and experimentally calibrated chemical sensing.

Transition-metal dichalcogenides (TMDs), including MoS,, WS;, and WSe,, exhibit
strong excitonic responses in the visible and near-infrared regions [106,110]. The opti-
cal response of these materials is sensitive to layer number, carrier concentration, defect
population, and the surrounding dielectric environment. This tunability supports sens-
ing strategies based on defect engineering and heterostructure design. When TMDs are
combined with metallic nanostructures, Raman signals can benefit from both plasmonic
near-field enhancement and interfacial charge transfer. Under suitable spectral overlap, ex-
citonic resonances may provide an additional contribution to the overall enhancement [111].
Violet phosphorus has also been explored as a fluorescence quencher and a component of
charge-transfer-assisted SERS substrates, as reviewed by Nawaz et al. [112].

Reproducible sensing therefore depends on controlling layer number, defect density,
interface cleanliness, and material uniformity during preparation and integration. Recent
analysis of two-dimensional heterostructures identifies transfer-induced contamination,
growth-related defects, and integration constraints as important sources of device variabil-
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ity [113]. For metasurface sensing, these factors can alter carrier density, optical loss, charge
transfer, and recognition-layer attachment. The advantages of a hybrid interface should
consequently be assessed together with chip-to-chip variability and stability after exposure
to the intended sample matrix.

2.3.4. Functional Materials

Phase-change materials provide a means of tuning resonances during operation by
altering their dielectric response [114,115]. Functional materials at the interface serve
a complementary role by influencing analyte adsorption and local enrichment around
metasurface resonators.

Vanadium dioxide (VO,) and germanium-antimony-tellurium (GST) are representa-
tive examples. VO, changes its dielectric response through a reversible insulator-metal tran-
sition, whereas GST provides nonvolatile multistate control through crystalline-amorphous
phase changes. When incorporated into metasurface resonators, these materials can shift
resonances, switch sensing modes, and adjust spectral overlap with target analytes [115,116].
Their practical implementation also depends on transition temperature, switching energy;,
cycling stability, thermal crosstalk, and fabrication compatibility.

Beyond VO, and GST, Chen et al. demonstrated laser-written In3SbTe; phase-change
metasurfaces for infrared and terahertz polarization control [117]. Crystalline patterns
embedded in an amorphous matrix provide an experimentally demonstrated route to
programmable optical responses and large-area fabrication. Although this study did not
establish chemical or biological sensing performance, its fabrication approach is relevant to
reconfigurable illumination and polarization-resolved readout. Its use in sensing would
additionally require assessment of switching-induced heating, baseline stability, and com-
patibility with functionalized interfaces.

MXenes, a family of two-dimensional transition-metal carbides, nitrides, and carboni-
trides, provide surface terminations that can promote analyte adsorption, local enrichment,
and interfacial charge transfer [118,119]. Coordination, electrostatic interactions, and hy-
drogen bonding with analytes can change the local dielectric environment and charge
distribution, thereby altering SPR, LSPR, and SERS responses. Surface chemistry, oxidation,
and batch-to-batch variation must be controlled to preserve adsorption capacity, long-term
stability, and sensing reproducibility.

Material selection should begin with the analyte, sample medium, and required spec-
tral window. Plasmonic structures are attractive when strong fields must be concentrated
near small molecules or catalytic interfaces, but absorption losses, surface degradation, and
photothermal perturbations may limit performance. Low-loss dielectric structures favor
narrow resonances and reduced dissipative heating, provided that a sufficient fraction of
the mode remains accessible to the analyte. Two-dimensional materials can add tunability
and chemically responsive interfaces, while hybrid architectures combine these functions
at the cost of additional fabrication and interfacial variability [42,116,117].

Analyte dimensions provide a further selection criterion. Thin molecular layers require
substantial surface-field overlap, whereas vesicles and cells may benefit from spatially
extended fields or structures that bring their relevant components close to the sensing
region. For low refractive-index contrast, narrow linewidths are useful only if spectral
contrast, referencing, and environmental stability permit small shifts to be resolved. Long-
term measurements in aqueous or outdoor environments place greater weight on surface
chemistry and coating stability than on peak calculated enhancement. Table 1 summarizes
these trade-offs as a material-selection guide rather than a universal ranking.
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Table 1. Material-selection considerations for metasurface-enabled sensing.
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Plasmonic metals spectroscopy; small ! . e
on metal and . corrosion, hotspot chemical stability
eometr molecules; catalytic variabili and analyte access
& y interfaces ty y
Visible to Fabrication Optimize
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High-index ) small spectral shifts; . . )
. . material S inaccessible internal overlap and
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transparency . fields; angular measurable
. heating
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Material-dependent;  Electrical tunability; Transfer e
. . o Verify interface
graphene is adsorption and contamination,
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material interfaces
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THz operation

charge-transfer
responses; thin
functional interfaces

defects, oxidation,
carrier-density
variability

uniformity and
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intended matrix

Combined field

o Demonstrate an
localization, spectral
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Metal—dielectric and Architecture- - fabrication and analytical benefit
. selectivity, and . .
other hybrids dependent . ! cross-interface over simpler
interfacial o
. . variability reference structures
functionality
oo Separate
Phase-change and Infrared and THzin  Adjustable spectral Sw1tch}ng hea.lt, reconfiguration
: . L hysteresis, cycling
reconfigurable representative or polarization s o performance from
stability, calibration .
systems platforms response analyte detection

changes
performance

3. Metasurface-Enhanced Chemical Sensing

Chemical sensing encompasses gases and volatile molecules, liquid-phase analytes,
and catalytic intermediates. Key limitations are weak responses and limited surface resi-
dence in gases [32,120-122], solvent and matrix backgrounds [123,124], and low-coverage,
short-lived catalytic intermediates [31,125-129]. The discussion below focuses on how
resonant enhancement, selective interfaces, and sample transport address these constraints.

3.1. Gases and Volatile Small Molecules
3.1.1. Trace Gas Detection Using High-Q Resonances and Selective Enrichment

Compact gas sensors must resolve weak responses from analytes with limited surface
residence. Narrow resonances improve the resolution of small refractive-index or absorp-
tion changes, while selective adsorption layers enrich molecules within accessible near
fields. Their combined benefit depends on analyte-mode overlap and interfacial selectivity.

For CO, sensing, He and Ma proposed a tungsten THz metasurface with asymmetric
cross-shaped apertures supporting two quasi-BIC modes generated by symmetry break-
ing [120]. A polyhexamethylene biguanide (PHMB) layer was added to capture CO;.
Numerical calculations predicted a frequency-shift sensitivity of 0.06 GHz/ppm and a
theoretical detection limit of approximately 33.3 ppm. Ghanim et al. studied PHMB-
coated silver bowtie and fan-shaped nanoantennas, modeling their spectral responses over
0-524 ppm through a relationship between the PHMB refractive index and CO; concen-
tration [122]. Both designs combine resonant enhancement with analyte capture, but their
concentration responses are based on numerical simulations and functional-layer models.
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Direct calibration under gas exposure, together with tests of temperature and humidity
effects, cross-sensitivity, and long-term stability, is still needed.

Tuning the material itself provides another way to adjust the operating window. A
numerical study of methylammonium lead iodide (MAPbI3) quasi-BIC metastructures
demonstrated temperature-dependent resonance tuning and assessed their potential for
CO, sensing [130]. Their performance under practical gas-sensing conditions has yet to
be established.

For methane, an experimental concentration calibration has also been reported. In
a 2025 study, symmetry breaking in an all-dielectric high-Q Fano metasurface generated
multiple narrow resonances. Methane exposure produced a concentration-dependent
wavelength shift of approximately —1.03 nm/% [37]. This result establishes a direct link
between methane concentration and spectral response rather than relying solely on changes
in the background refractive index. The usable concentration range, humidity tolerance,
and low-concentration detection performance still require further assessment.

Selective enrichment has also been combined with high-Q resonances for trace volatile
organic compound (VOC) detection. Zhang et al. integrated polyvinylpyrrolidone
(PVP) with a nonlocal terahertz metamaterial supporting multiple quasi-BIC resonances.
Hydrogen-bonding and van der Waals interactions promoted interfacial adsorption and
enrichment, with reported limits of detection (LODs) of approximately 12.2, 8.2, and 9.1 ppb
for acetone, isoamyl alcohol, and ethyl acetate, respectively, in controlled room-temperature
gas experiments [131]. The molecule-dependent responses highlight the contribution of
analyte enrichment and analyte—field overlap to chemical discrimination.

3.1.2. Multichannel Spectral Responses and Molecular Fingerprint Analysis

A resonance shift alone offers limited discrimination when volatile compounds pro-
duce similar dielectric perturbations. Multiband resonances, molecular absorption finger-
prints, and data-driven analysis provide complementary information for gas identification.

Wang et al. numerically investigated a multiband terahertz absorber integrated with
microfluidic channels, obtaining a maximum refractive-index sensitivity of approximately
400 GHz per RIU over an analyte refractive-index range of 1.3-1.4 [132]. This design
provides a multichannel refractometric response, although its relevance to gas-phase
VOC detection requires validation using realistic gas optical properties and concentration-
dependent measurements.

Electrically tunable graphene metasurfaces provide design strategies that may be
transferable to gas sensing. Zhao and Wang numerically investigated quasi-BIC-enhanced
terahertz fingerprint sensing of lactose and tyrosine thin films [133], while Khafagy et al.
modeled tunable multiband refractometric responses [134]. These studies illustrate reso-
nance tunability, but do not establish gas-phase detection or discrimination.

Multidimensional spectral responses can also be combined with data-driven methods
for gas identification. Wertani et al. used refractive-index values corresponding to CO,,
CH,y, Np, C3Hg, and air to simulate the responses of a graphene terahertz metasurface,
then applied random forest regression to predict resonance characteristics [135]. This work
demonstrates the potential of data-assisted design and spectral prediction, but experimental
classification under actual gas exposure, mixed-gas conditions, and previously untested
operating conditions remains to be established.

Meng et al. developed a temperature-stabilized mid-infrared gas-sensing system
operating at 7-14 pm, as shown in Figure 5a [136]. Its metasurface filter array uses gold
square rings and complementary ring-shaped apertures to provide bandstop and bandpass
channels. The system classified CO, and CHy at 10-100%, NH3 at 100-1000 ppm, and
methyl ethyl ketone (MEK; 2-butanone) at 200400 ppm, using N as the reference. An
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independently acquired hold-out dataset yielded class-specific true-positive rates of 100%
for CO,, CHy, and NHj3 and 94.4% for MEK, with an overall classification accuracy of
98.4% [136]. The class-specific true-positive rate describes the fraction of samples from a
given class correctly assigned to that class, whereas overall accuracy describes the fraction
of all test samples correctly classified. These results support classification within the
tested concentration ranges; they do not establish quantitative analysis of multicomponent
gas mixtures.

In a numerical study, Alvarez-Sanchis et al. examined a free-standing silicon Huygens
metasurface supporting electric- and magnetic-dipole quasi-BIC resonances [121]. The two
responses were balanced under the Kerker condition, and the resonances were aligned with
characteristic absorption frequencies of hydrogen cyanide (HCN) and sulfur dioxide (SO,),
thereby enhancing gas absorption. Chemical discrimination with this approach depends on
molecular absorption fingerprints, whereas its performance under controlled gas exposure
still requires experimental validation.

3.1.3. Reliability and Practical Limitations in Complex Gas Environments

Reliable gas sensing requires response and recovery times, cycling tests, device-to-
device statistics, batch reproducibility, interfering-gas measurements, and calibration under
changing temperature and humidity [32]. The practical advantage of narrow quasi-BIC
resonances is reduced when fabrication variability or environmental drift becomes com-
parable to the target-induced response. Multichannel classification additionally requires
representative datasets and independent test data.

Many CO; platforms remain numerical [120,122,130], whereas methane, VOC, and
multichannel classification studies include gas-exposure experiments [37,131,136]. Vali-
dation priorities are realistic mixtures, combined temperature-humidity variation, and
long-term measurements across independent devices and batches.

3.2. Liquid-Phase Molecular Recognition and Complex Matrix Analysis
3.2.1. Microfluidic Confinement and Enhanced Terahertz Dielectric Responses

Strong water absorption suppresses THz resonances, limiting the value of high
refractive-index sensitivity alone [123,137]. Microfluidic confinement reduces liquid thick-
ness and controls analyte delivery, but effective sensing also requires accessible near fields
and resistance to nonspecific adsorption.

MoradiFotouhi and Pourfath integrated monolayer graphene strips and gold rods
within a microfluidic channel, exploiting bright-dark mode coupling to produce plasmon-
induced transparency (PIT). Simulations yielded a refractive-index sensitivity of approxi-
mately 700 GHz/RIU over an index range of 1.33-1.43 [137]. An effective refractive-index
model was also used to explore the detection of glucose and other analytes. However,
without measurements on actual liquid samples, this study provides a numerical proof of
concept for combining microfluidic confinement with PIT-enhanced sensing.

To address water absorption, Cao et al. integrated an ultrathin microfluidic channel
with a sandwich-type terahertz metasurface, enhancing the resonant response in aque-
ous solutions by reducing liquid thickness and improving near-field overlap [123]. This
approach directly addresses a practical limitation of terahertz liquid sensing. Related
design studies have explored multilayer terahertz resonators with deep-learning optimiza-
tion [138] and graphene-TizC,Tx terahertz metasurfaces with machine-learning-assisted
analysis [139]. Metal-insulator-metal (MIM) nanoring sensors have also been investigated
numerically at infrared wavelengths [140]. For numerical proposals, predicted refractive-
index responses should be distinguished from experimentally validated detection in actual
liquid samples.
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Reducing the liquid-layer thickness improves optical access but does not necessarily
ensure rapid analyte delivery to the sensing surface. Under laminar flow, convection
mainly transports analytes along the channel, while diffusion remains important across the
near-wall boundary layer. When surface binding consumes analytes faster than they are
replenished, the local concentration falls below the bulk concentration and the measured
association kinetics become transport-limited [141]. The relative roles of convection and
diffusion can be characterized by the Péclet number, Pe = Uh/D, where U is the characteristic
flow velocity, h is the channel height, and D is the analyte diffusion coefficient. For an
initially unsaturated binding interface, the surface Damkohler number can be expressed
as Da = kouI'naxh/ D, where k,, is the association rate constant, and I'y;;y is the maximum
surface binding-site density. This dimensionless number compares the characteristic surface
reaction rate with diffusion across the channel height.

Increasing flow can reduce boundary-layer depletion, but also increases sample con-
sumption and may reduce residence time or impose damaging shear on biological samples.
Moreover, rapid flow above a nanostructure does not guarantee analyte entry into recessed
nanogaps. Flow-through architectures, local mixing, and active transport should therefore
be evaluated by capture efficiency, delivered analyte amount, and time to a stable response,
together with channel dimensions, flow rate, and total sample volume.

3.2.2. SERS Molecular Fingerprinting and Analysis of Complex Food Matrices

SERS fingerprints can support chemical identification, but real-sample quantification
also depends on hotspot access, adsorption, and matrix backgrounds. Spike recovery,
batch-to-batch reproducibility, regenerability, and storage stability complement detection
limits measured in standard solutions.

Zhu et al. developed nanoporous silver structures with dense SERS hotspots, achieving
an LOD of approximately 1 x 10~7 M (24 ppb) for thiram. Reusability was demonstrated
over 60 successive detection-regeneration cycles using 10 uM phosmet, with each regenera-
tion involving 4 h of ethanol washing under continuous stirring [142].

For complex food matrices, Singh et al. developed an aptamer-functionalized SERS
microarray based on silver-coated porous silicon (Ag-pSi). As shown in Figure 5b, the
array was modified with aptamers and 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) and
interrogated using 785 nm excitation. Target binding produced a concentration-dependent

decrease in the normalized DTNB reporter signal at 1341 cm !

, enabling indirect “signal-
off” quantification of the mycotoxins [143]. Calibration curves for aflatoxin B; (AFBy),
fumonisin By (FB;), and ochratoxin A (OTA) yielded coefficients of determination (R?) of
0.99, 0.99, and 0.98, respectively. The authors reported LODs of 0.008, 0.547, and 0.922
ppb for AFB;, FB;, and OTA, respectively. Tests using spiked wheat, maize, and rice
samples yielded recoveries of 95-104%, with reported relative standard deviations (RSDs)
of 1.5-6.6% across the tested sample-analyte combinations [143]. These values characterize
precision in the spiked-sample measurements and should not be interpreted as independent
fabrication-batch reproducibility.

Spectroscopic data fusion offers a complementary route to more robust quantifi-
cation. For example, combining near-infrared spectra with SERS features can improve
regression-based prediction of pesticide residues by exploiting complementary spectral in-
formation [144]. Such approaches provide additional analytical information when variable
matrix backgrounds limit quantification based on a single characteristic band.

3.2.3. Mid-Infrared Spectral Encoding and Complex Matrix Analysis

Mid-infrared vibrational fingerprints provide molecular information beyond bulk
refractive-index shifts. Resonant enhancement and spectral encoding address weak absorp-
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tion, limited spectral coverage, and overlapping bands, while enabling compact readout of
complex liquid samples.

Chen et al. developed a chip-scale mid-infrared spectroscopy platform using
metasurface-engineered thermal emitters, low-cost detectors, and classification algorithms
to distinguish solvents and pharmaceutical compounds [145]. By using predefined spectral
channels for encoded readout, this approach reduces reliance on scanning spectrometers
and supports miniaturized chemical analysis. Here, the metasurface controls the source
emission spectrum, while analyte identification relies on far-field absorption measurements.

In 2025, Rosas et al. reported a scalable gradient plasmonic microhole array for surface-
enhanced infrared absorption spectroscopy (SEIRAS). Approximately 400 sensor chips
could be fabricated on a 6-inch wafer, while a continuous gradient in structural parameters
produced more than 400 narrowband resonances spanning the molecular fingerprint region
of 1200-2000 cm~! [124]. To evaluate performance with complex biological samples,
filtered human peritoneal fluid was spin-coated onto the metasurface and dried at room
temperature for 5 h before infrared measurements. Infrared imaging at 1656 cm ! indicated
a relatively uniform sample distribution, and the SEIRAS spectra resolved the amide I
and amide IT bands near 1656 and 1546 cm ™1, respectively. The amide I absorption signal
reached approximately 40% on the metasurface, compared with 2% on a reference CaF,
substrate, corresponding to an approximately 20-fold enhancement.

The study combined broad fingerprint coverage with wafer-scale fabrication and tested
films prepared from biofluids collected from real biological samples. In a complementary
numerical study, Gao et al. used neural-network-based inverse design to tailor terahertz
metasurface resonances for selected plant-related molecules [146]. Together, these efforts
reflect a move toward multiresonant platforms, wider fingerprint coverage, and data-
assisted interpretation. Their practical value, however, still needs to be established using
independent samples and measurements from multiple devices.

3.3. Catalytic Interface Reactions and In Situ Spectroscopic Monitoring

Studies using periodic metasurfaces for in situ catalytic monitoring remain relatively
limited. This section therefore also considers plasmonic nanostructures with engineered
coupling between optical hotspots and catalytic active sites. These related platforms
illustrate transferable principles for interface design and in situ readout, while remaining
distinct from planar metasurfaces.

3.3.1. In Situ Enhanced Spectroscopy and Reaction Intermediate Monitoring

Enhanced in situ spectroscopy couples catalytic interfaces to strong optical fields,
allowing low-coverage and transient intermediates to be monitored under reaction condi-
tions [125,126]. Metasurfaces and related plasmonic structures can combine catalytic sites
with time-resolved spectroscopic readout [127,128].

Lu et al. developed a bifunctional structure comprising Au nanorods decorated with
Pd nanoislands (AuNR@Pd islands). The Au nanorods provided localized plasmonic
fields for SERS enhancement, while the Pd nanoislands supplied catalytic sites for the
NaBHj-mediated reduction of 4-nitrothiophenol (4-NTP) [127]. As shown in Figure 5c,
this architecture combined catalysis and spectroscopic readout at the same interface. Dur-
ing the 0-180 s reaction period, the 4-NTP bands associated with nitro groups (R-NO,)
progressively decreased, while bands associated with amino groups (R-NHy) in the prod-
uct, 4-aminothiophenol (4-ATP), emerged and intensified. The spectral evolution directly
tracked reactant-to-product conversion, showing that spatially colocating enhanced optical
fields and catalytic sites enables time-resolved reaction monitoring. Related Au-Ag alloy
nanoshells have also been used for time-resolved SERS measurements [129].
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The approach has also been applied to electrocatalytic interfaces. Hao et al. used in
situ SERS to compare CO; reduction on Au@Pd bimetallic structures with Pd configura-
tions ranging from isolated atoms to a monolayer [128]. Changes in intermediate spectra
provided insight into how Pd site configurations influence reaction pathways, linking
structural differences to surface intermediates and reaction selectivity.

Multiband SEIRA provides a complementary means of probing adsorbed reaction
intermediates. Duportal et al. developed two Pt metasurface arrays targeting linearly
adsorbed CO near 2030 cm ! and bridge-bonded CO near 1840 cm~!. Both configurations
were resolved in CO-saturated electrolyte (Figure 5d). During CO; electroreduction in
K,COs electrolyte, linearly adsorbed CO was detected, whereas no bridge-bonded CO
signal was resolved under the reported conditions. In the CO-saturated measurements,
the high-frequency array provided an approximately 40-fold enhancement of the linearly
adsorbed CO signal relative to an unstructured Pt reference film. Enhancement of the
bridge-bonded CO signal could not be reliably quantified because its reference signal on
the unstructured film was not clearly resolved [147]. Spectrally targeted enhancement
therefore enables different CO adsorption configurations to be resolved under specified
reaction conditions.

;[}0

[-,Tj '{_}

4-NTP
~NO:

SERS analysis

MLC training cross-validation result MLC hold-out validation result

Methane
(CH, 10-100%) 200
Cabondioxice | SN | NS | catondiodde
(€O, 10-100%)

aaaaa

8
g -Butanons
g (MEX, 200-400 ppm)

Ammonia
(NH,. 100-1000 ppm)

Intensity (x 10° a.u.)

500 800

Raman Shift (cm)

| ; :
SERS

quartz plate v

with4-NTP

o £ ol &@,@ P 28
s 4 e’” s "’W e PR N s»*”' o
& S”‘ ) ¢
Prodicted cass
100 100
100
80 {
g "8 P - . e
3 z 3 g - “ g h
|2 T 2 6 ) ] g e
£ 8 : -4 W € }\\
gl = Ty B p £ .
g 5 40 ~E= a0 - 40 +4
= z y = -5.09In(x) + 50.49 5 y = -6.06In(x) + 88.09 H y = -6.37In(x) + 83.56
= z R?=0.99 z R?=0.98
2 20 20
1100 1400 1700
0 0 0
0.001 0.01 0.1 1 10 0.1 1 10 100 1000 0.1 1 10 100 1000
AFB1 (ppb) FB1 (ppb) OTA (ppb)
T " Viinear Voridge Viinear Voridge
iiia iy PO (d) % v ) N o ¥ v
o [ [ ] o
150 44 —
X X
R X EmVaa)] &1 /\/\/\/\J\,\J
ATP = IR - LA o I ST, | Il 78’(‘;
i = 600
O 2| s0s t = ~ [ ~ A
7 2 A = 50 | § [~V N ,’A\ 7
£ 5 —400 | 5 y
60s n [=3 D |
) A 3 el I MW/\/\
NaBHs ,30s A 4?88 \/\/\,\d\/\\/\r/\
hd Los o N : : L : :
AuNR@Pd islands S THRG 356 Ta55 850 2100 2000 1900 1800 1700 2100 2000 1900 1800 1700

Raman Shift (cm"') Wavenumber (cm™) Wavenumber (cm™)

Figure 5. Representative metasurface-based and related nanostructured platforms for chemical
sensing and in situ catalytic monitoring. (a) Multichannel mid-infrared metasurface for CHy, CO,,
MEK, and NHj discrimination (adapted from [136], 2024). (b) Aptamer-functionalized Ag-coated
porous-Si SERS array for multiplexed detection of AFB;, FBy, and OTA (adapted from [143], 2025).
(c) Au-nanorod@Pd-island substrate for SERS monitoring of 4-NTP reduction to 4-ATP (adapted
from [127], 2025). (d) SEIRA monitoring of linearly adsorbed and bridge-bonded CO on Pt metasur-
faces (adapted from [147], 2024).
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3.3.2. Coupling Between Optical Enhancement and Catalytic Modulation

The role of an enhancing structure in catalytic measurements depends on whether
illumination primarily provides spectroscopic readout or also changes the reaction. In a
minimally perturbative measurement, the metasurface enhances signals from intermediates
while the reaction rate and product distribution remain insensitive to the probe under the
selected conditions. In an actively illuminated catalytic system, plasmon decay can generate
nonequilibrium carriers or heat, and interfacial charge transfer can modify adsorption and
reaction pathways [148-153]. Strong field gradients may also redistribute polarizable
species or alter local mechanical conditions, but such effects require evidence specific to the
structure and reaction.

Photoresponsive Ag/TiO, structures illustrate this coupling because illumination
can contribute to charge-transfer-assisted Raman enhancement and photocatalytic regen-
eration [154,155]. Plasmon-free atomic-scale SERS platforms provide a complementary
example in which charge transfer contributes to both spectroscopic response and photocat-
alytic monitoring [156]. In either case, an illumination-dependent spectral change cannot
by itself establish whether the dominant origin is altered scattering efficiency, changing
intermediate coverage, photochemical conversion, or heating.

Mechanistic interpretation requires dark measurements, probe-power series, and
off-resonance controls, together with matched-temperature dark experiments where pho-
tothermal effects are plausible. Wavelength-dependent reaction rates or action spectra
should be compared under appropriately normalized photon flux or absorbed power.
Off-resonance illumination alone does not isolate nonthermal effects because optical ab-
sorption and heating also change with wavelength. Independent product analysis, suitable
noncatalytic or nonplasmonic reference structures, and characterization before and after
illumination further help separate signal enhancement from reaction modification. The
probe conditions should be reported, and a weakly perturbative operating regime should
be established whenever the aim is to observe intrinsic reaction kinetics.

3.4. Summary

Across gas sensing, liquid-phase analysis, and catalytic monitoring, performance
depends on coordinated resonator design, interfacial selectivity, sample transport, and
readout rather than optical enhancement alone. Table 2 compares representative strategies,
results, validation conditions, and key limitations.

Table 2. Representative chemical sensing strategies, validation status, and key limitations.

Application Main Strategies Representative Results Validation Status Key Limitations
. . CO; sensitivity: . . )
ngh—Q/quasrBI.C 0.06 GHz/ppm (simulated) Simulations [120,122]; Temperature /humidity
resonances; selective CH,4/VOC exposure .
. [120]; ppb-level VOC . interference;
Gases and VOCs enrichment; . experiments [37,131]; . .
. detection [131]; hold-out . e cross-sensitivity; mixture
multichannel oo o single-gas classification N S
fingerprinting class-specific true-positive [136] discrimination; drift
rates: 94.4-100% [136]
. o Reported mycotoxin L.ODS: Numerical study [137];
L Microfluidic 0.008-0.922 ppb; spike . o .
Liquid-phase . . . o aqueous solutions Nonspecific adsorption;
confinement; recoveries: 95-104%; assay . -
analytes and - . ) o . [123]; spiked food substrate variability;
complex matrices selective SERS; RSDs: 1.5-6.6% [143]; extracts [143]; dried sample standardization
P broadband SEIRAS  infrared enhancement: ~20x g

[124]

biofluid films [124]

In situ catalytic
monitoring

Hotspot engineering;
time-resolved SERS;
multiband SEIRAS

Reaction tracking over
0-180 s [127]; linear-CO
signal enhancement: ~40x
[147]

Model catalytic
reactions [127-129]; in
situ electrochemical CO
measurements [147]

Intermediate assignment;
mechanism
discrimination;
quantitative kinetics
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The main validation gaps are gas-mixture discrimination and environmental drift,
solvent backgrounds and substrate variability, and independent verification of interme-
diate assignments and reaction kinetics. Application-specific tests and comparisons with
established reference methods remain essential.

4. Metasurface-Enhanced Biosensing

Biosensing targets range from small molecules and nucleic acids to proteins, vesicles,
microorganisms, and living cells [43,157-159]. Across these target scales, the discussion
considers optical transduction, recognition interfaces, sample handling, and validation in
real samples.

4.1. Detection of Small Molecules and Nucleic Acids
4.1.1. Small Molecules

Small metabolites, hormones, vitamins, and drugs often produce weak binding-
induced refractive-index changes. Liquid chromatography—tandem mass spectrometry
(LC-MS/MS) provides specific quantification but requires specialized instrumentation;
immunoassays and SPR depend strongly on recognition affinity and transduction efficiency.
Metasurface designs must therefore provide target specificity through selective capture
or distinctive molecular fingerprints, together with a sufficient optical signal-to-noise
ratio [158,160,161].

Refractometric platforms combine localized field enhancement with specific recogni-
tion interfaces to improve the detection of small-molecule binding. Cusano et al. demon-
strated label-free detection of 25-hydroxyvitamin D3 [25(OH)Ds] using a plasmonic meta-
surface, obtaining responses over clinically relevant concentration ranges in complex
matrices [162]. Fan et al. developed a platform with smartphone readout for simultaneous,
sample-to-answer detection of testosterone and 25(OH)Dj3 in diluted whole blood [163].
These studies illustrate the development of fiber-optic probes and portable integrated
systems, respectively. They also highlight the importance of recognition-layer design and
spatial overlap between analytes and enhanced near fields, alongside the resonance Q
factor, for detecting low-molecular-weight targets.

For continuous metabolite monitoring, Li et al. modified a metasurface plasmon
resonance (MetaSPR) chip with a MXene—graphene oxide (GO) functional layer and immo-
bilized glucose oxidase. As shown in Figure 6a, sensing and reference chips were integrated
into a dual-channel microfluidic platform to record real-time responses to different glu-
cose concentrations in artificial sweat under continuous flow [164]. Combining enzymatic
recognition with reference correction helps improve selectivity and reduce matrix interfer-
ence. Long-term monitoring nevertheless requires further evaluation of enzyme activity
retention, immobilized-layer stability, and baseline drift.

A related fiber-integrated plasmonic array was reported by Li et al., who combined an
arrayed silver resonant-cavity structure with a two-dimensional Cu-TCPP metal-organic
framework (MOF) on a plastic optical fiber [165]. Following glucose oxidase immobiliza-
tion, the sensor exhibited a wavelength sensitivity of 9.99 nm/(mg/mL) over a glucose
concentration range of 0.1-1.2 mg/mL.

THz quasi-BIC and broadband-enhancement platforms have detected L-glutamic acid
and resolved L-tyrosine fingerprints, respectively [166,167]. These model-system studies
demonstrate enhanced vibrational readout, but water absorption and complex biofluid
backgrounds still limit translation to dilute biological samples.

SERS platforms have further advanced toward complex biofluid analysis and con-
tinuous monitoring. Zheng et al. combined a gold nanopyramid metasurface featuring
relatively uniform hotspots with a neural network to distinguish and quantify clozapine
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and its metabolites in serum over concentration ranges relevant to therapeutic drug moni-
toring [168]. Wang et al. integrated a silver nanocube SERS substrate with a module for
iontophoretic sweat induction in a flexible wearable patch, enabling noninvasive track-
ing of nicotine concentration changes through SERS measurements of sweat [169]. These
studies highlight compatibility with complex matrices, continuous sampling, and data
interpretation as key capabilities for practical biosensing.

4.1.2. Nucleic Acids

Nucleic acid sensing requires low-concentration detection and mismatch discrimina-
tion. Polymerase chain reaction (PCR) and quantitative PCR (qPCR) provide high sensitivity
through target amplification. Metasurface-based assays support both direct hybridization
detection and optical readout coupled to target or signal amplification [170,171].

High-Q resonances facilitate amplification-free detection by resolving small interfacial
changes induced by nucleic acid hybridization. Hu et al. immobilized deoxyribonucleic
acid (DNA) probes on a single-crystalline silicon metasurface supporting guided-mode
resonances for amplification-free, label-free detection of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) gene fragments. As shown in Figure 6b, complementary
targets produced concentration-dependent resonance wavelength shifts, whereas noncom-
plementary sequences generated weaker responses. The platform exhibited an average Q
factor of approximately 2200 and a detection limit of approximately 8 fM in physiological
buffer. A discernible response was obtained within approximately 5 min after spiking
100 nM target sequences into SARS-CoV-2-negative nasopharyngeal swab eluates [172].
These results demonstrate the potential of high-Q dielectric metasurfaces for rapid, direct
nucleic acid detection. However, the detection limit achieved in buffer cannot be directly
extrapolated to clinical samples, and performance at low target concentrations in complex
matrices requires further validation.

Molecular amplification can also be coupled to nanophotonic readout. As a related
nanoplasmonic example, the clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas chiral biosensor (CENSOR) platform integrates CRISPR-Cas13a recognition,
DNA origami assembly, and chiral optical readout. Following target preamplification, it
achieved a calculated detection limit of 0.133 aM and underwent small-scale validation
using clinical nasopharyngeal swab samples [173]. Flexible THz metamaterials have also
been paired with rolling circle amplification (RCA) to detect hepatitis B virus (HBV) DNA in
patient serum [174]. Although RCA improves analytical sensitivity, it introduces additional
amplification and handling steps, increasing procedural complexity.

Liquid-biopsy applications place particular demands on sequence specificity and
tolerance to complex matrices. Luo et al. addressed these requirements with a metal-
graphene hybrid THz metasurface that combined hybridization chain reaction (HCR) with
nanoparticle-mediated charge modulation, providing two modes of signal amplification for
detecting circulating tumor DNA (ctDNA) carrying the KRAS G12D mutation. The assay
reached a detection limit of 0.22 fM and distinguished single-nucleotide mismatches. Re-
sults from plasma samples obtained from 12 patients with pancreatic cancer and 12 healthy
controls showed strong agreement with qPCR results [175]. The study supports the use
of metasurfaces for mutation analysis in plasma when combined with nucleic acid signal
amplification, although larger clinical cohorts are still needed for validation.

Fluorescence-enhancing metasurfaces primarily improve readout efficiency. Iwanaga
used an all-dielectric silicon nanopillar metasurface to enhance microRNA (miRNA) flu-
orescence, achieving subattomolar detection when combined with reverse-transcription
polymerase chain reaction (RT-PCR) [176]. Because these ultralow detection limits were
obtained with molecular amplification, they cannot be directly compared with those of
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amplification-free platforms; the metasurface contribution lies in improved fluorescence
collection and optical readout. Meanwhile, a quasi-BIC THz platform incorporating phenyl-
boronic acid—functionalized gold nanoprobes distinguished let-7a from DNA and was
validated in a serum matrix [177], illustrating progress toward selective nucleic acid dis-
crimination in complex samples.

Comparisons should distinguish direct target recognition from target amplification,
downstream signal amplification, and physical preconcentration. Label-free optical readout
does not necessarily imply an amplification-free assay. For example, the 8 fM LOD reported
by Hu et al. was obtained through direct hybridization in buffer [172], whereas the 0.22 fM
ctDNA assay combined HCR with nanoparticle-mediated signal amplification [175]. These
values characterize different complete workflows and should not be ranked as intrinsic
metasurface sensitivities. For each assay, the starting sample volume, dilution or enrichment
factor, amplification steps, and total processing time should accompany the reported LOD.
Detection limits should also be referenced explicitly to either the original sample or the
processed measurement solution.

4.2. Protein Biomarkers

Protein sensing combines established antibody or aptamer recognition with resonant
or spectroscopic readout. Comparisons with enzyme-linked immunosorbent assay (ELISA)
and chemiluminescence immunoassays should consider sensitivity, assay time, multiplex-
ing, clinical sample size, and agreement with reference measurements [158,178,179].

Tumor biomarker sensing is expanding from highly sensitive single-analyte assays
toward clinical validation and combined biomarker assessment. Li et al. developed a
nanozyme-enhanced MetaSPR platform (nano-ELISPR). As shown in Figure 6¢, nanozyme-
catalyzed reactions induce etching of the chip surface, converting immunorecognition into
amplified optical responses for separate quantification of alpha-fetoprotein (AFP), carci-
noembryonic antigen (CEA), and cancer antigen 125 (CA125). Measurements of 60 clinical
serum samples were compared with hospital assay results, showing a strong correlation
for CEA (R? = 0.961) [180]. Liang et al. combined measurements of prostate-specific
antigen (PSA) and the extracellular vesicle-associated marker cluster of differentiation
63 (CD63) to improve prostate cancer diagnosis in patients with PSA levels in the diag-
nostic gray zone [181]. All-dielectric fluorescence-enhancing platforms, flexible plasmonic
structures, and THz metasurfaces have also been explored for detecting PSA, CEA, and
midkine [182-184].

Protein sensing for infection and inflammation emphasizes high throughput and
comparability with clinical reference methods. Wu et al. developed a MetaSPR platform
in a 96-well plate format for simultaneous detection of procalcitonin (PCT), C-reactive
protein (CRP), and serum amyloid A (SAA), with quantitative validation in 80 clinical
plasma samples. CRP measurements correlated strongly with results obtained by latex-
enhanced immunoturbidimetry [185]. This study combined multiplexed, high-throughput,
real-time analysis with clinical sample validation, providing evidence beyond analytical
detection limits alone. Quasi-BIC THz and three-dimensional SERS platforms have reported
responses at lower concentrations in buffer or spiked samples [186,187], but their stability
in complex plasma remains less extensively validated.

Cardiovascular and coagulation biomarker sensing places greater emphasis on rapid
multiplexed analysis and reliable quantification. Zheng et al. used antigen-binding-induced
shifts in the characteristic peaks of Raman reporter molecules as the quantitative SERS
readout on an Au/SiO; multilayer metasurface, enabling multiplexed detection of creatine
kinase-MB (CK-MB), myoglobin (Mb), and cardiac troponin I (cTnl) in serum [188]. Using
peak positions helps reduce the influence of intensity variations associated with spatially
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nonuniform hotspots. Strongly coupled plasmonic platforms have also enabled label-
free thrombin recognition, illustrating the potential of light-matter coupling to provide
additional readout mechanisms for protein detection [189].

Efforts are also directed toward simplifying instrumentation. Gradient quasi-BIC meta-
surfaces can spatially encode spectral information, enabling spectrometer-free detection
through vertical-cavity surface-emitting laser (VCSEL) illumination and complementary
metal-oxide-semiconductor (CMOS) imaging [190]. Although validation has primarily
involved model proteins, this approach offers a route to low-cost, portable sensing with
imaging-based readout.

4.3. Extracellular Vesicles and Viral Particles
4.3.1. Extracellular Vesicles

Extracellular vesicles (EVs) are heterogeneous, complicating quantification and sub-
population analysis. Ultracentrifugation and size-exclusion chromatography support
isolation, while nanoparticle tracking characterizes particles; coisolated lipoproteins and
protocol differences nevertheless affect purity and quantification. Metasurface assays must
address these factors alongside sensitivity and marker specificity [191,192].

Refractometric metasurfaces primarily support EV quantification and surface-marker
analysis. Shen et al. integrated gold nanohole arrays with microfluidics and developed a
biophysical model based on total EV volume, linking resonance shifts to EV abundance and
size distribution to reduce quantification bias caused by size heterogeneity. The platform
achieved a detection limit of 141 particles/mL and was evaluated for renal cancer diagnosis
and postoperative monitoring in more than 100 samples [193]. This study highlights
how quantitative metrics that account for EV heterogeneity can improve the reliability of
clinical measurements.

Large-scale studies increasingly combine full-spectrum measurements with data-
driven analysis for EV-based disease screening. In 2026, Zhu et al. used the nanoplasmonic
metaEVchip to profile glypican-1 (GPC1) and ephrin type-A receptor 2 (EphA2) on serum
small extracellular vesicles (sEVs). Full spectra acquired before and after the assay were
analyzed using a Kolmogorov—Arnold network (KAN) to classify pancreatic ductal ade-
nocarcinoma (PDAC). As shown in Figure 6d, the platform integrated multidimensional
spectral features associated with refractive-index changes and nanoplasmonic loading
for combined GPC1/EphA2 analysis. The study included 600 patients with PDAC and
1200 controls, including an independent external validation cohort comprising 120 patients
and 240 controls. KAN-based full-spectrum analysis achieved an area under the receiver
operating characteristic curve (AUC) of approximately 0.99 in this external validation
cohort [194].

Surface functionalization provides additional information on EV subpopulations and
disease-associated markers. Plasmonic platforms using epithelial cell adhesion molecule
(EpCAM)- and human epidermal growth factor receptor 2 (HER2)-targeting aptamers
or combined PSA/CD63 detection have identified EV subpopulations in serum sam-
ples from patients with breast or prostate cancer [181,195]. These strategies improve
biological specificity, but quantitative results remain strongly dependent on EV isola-
tion protocols, recognition-element immobilization efficiency, and the criteria used to
define subpopulations.

SERS can provide broader information on EV molecular composition. Bao et al.
developed a cascaded photonic—plasmonic structure that creates a spatially extended
“hotspace” capable of encompassing an entire sEV, enabling acquisition of vibrational
information associated with both membrane proteins and intravesicular nucleic acids [196].
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By addressing the size mismatch between conventional SERS hotspots and EVs, this design
extends analysis from vesicle detection to molecular composition.

Complementary platforms address rapid screening and sensitive molecular cargo
analysis. Hong et al. combined a Mie-resonant color-changing metasurface with active
optofluidic transport to enrich EVs and achieve spectrometer-free colorimetric readout
after a 2 min incubation [197]. LSPR-enhanced electrochemiluminescence (ECL) platforms
incorporating catalytic hairpin assembly have also been used to detect miRNA-23b-3p
in urinary EVs from patients with immunoglobulin A (IgA) nephropathy [198]. These
approaches support rapid colorimetric readout and sensitive cargo analysis, respectively,
although their clinical validation remains less extensive than that of the refractometric EV
platforms discussed above.

4.3.2. Viral Particles

Intact-virus sensing targets particles or their surface antigens without the lysis and
amplification used in many nucleic acid assays. Efficient capture, discrimination among
viruses, and rejection of nonviral particles remain essential in complex samples [170,199].

Plasmonic platforms operating in the visible and near-infrared regions have relatively
extensive experimental support. Ahmed et al. constructed a Fano-resonant metasurface
using metallic nanogratings derived from digital versatile discs (DVDs). Protein G enabled
oriented immobilization of antibodies against SARS-CoV-2, while integrated microfluidics
supported label-free, real-time detection of inactivated intact viral particles. Detectable
spectral shifts were observed at low viral concentrations, and the platform distinguished
SARS-CoV-2 responses from those associated with influenza viruses and Middle East respi-
ratory syndrome coronavirus (MERS-CoV) [200]. Complementary validation using RT-PCR,
ELISA, and scanning electron microscopy (SEM) supported this approach, which combines
large-area, low-cost structures with specific biofunctionalization and intact-virus detection.

Sample transport and particle enrichment can also limit intact-virus detection. A 3D-
printed hybrid metasurface reported in 2025 integrated superhydrophobic microstructures
with nanoplasmonic sensing elements for swine influenza A virus detection. Droplet
evaporation and localized plasmonic heating enabled on-chip concentration of a 20 pL
sample, with a concentration factor exceeding 4 x 10* estimated from the reduction in
droplet volume [201]. This study highlights the value of integrating sample enrichment
into metasurface chips to improve the delivery of low-abundance viral particles to the
sensing region.

All-dielectric quasi-BIC structures and THz metasurfaces are also being investigated
for their potential to approach single-particle sensitivity. High-Q dielectric designs using
bacteriophage models have shown promising responses, although the evidence remains
primarily numerical [202]. Ji et al. used large-area gold nanogap THz arrays to detect bacte-
riophage PRD1, exploiting changes in the local dielectric environment when viral particles
entered or bridged the nanogaps [203]. Although this approach offers high sensitivity to
viral particles, the absence of a specific recognition interface limits discrimination among
viral species based on frequency shifts alone. Strategies using chirality or polarization to
improve viral discrimination have also been proposed, but remain largely at the simulation
stage [204].

4.4. Microorganisms and Cells

For microorganisms and cells, sample delivery is additionally influenced by particle
size, sedimentation, adhesion, and shear sensitivity. Their relatively slow diffusion can
make capture strongly dependent on channel geometry and flow conditions. Increasing the
flow rate may improve replenishment but does not necessarily increase capture probability,
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particularly when contact times become too short. Active transport methods, including
dielectrophoresis, can improve cell localization near sensing structures. However, capture
efficiency, cell viability, and release performance should be evaluated independently of
optical sensitivity.

Surface passivation introduces a further trade-off. Polyethylene glycol and zwitteri-
onic coatings can suppress nonspecific adsorption through steric and hydration effects, but
their thickness and grafting density also influence receptor accessibility and the separation
between targets and enhanced fields. For refractive-index readout, extending the exponen-
tial near-field model in Section 2.2.4 to an otherwise unchanged analyte layer displaced
outward by a distance (d) gives an overlap-weighting factor of exp(—2d/L;), assuming
weak perturbation and an approximately unchanged mode profile [86]. The relevant sep-
aration depends on the hydrated coating thickness, recognition-layer dimensions, and
target-binding geometry. These interfaces should therefore be compared under matched
assay conditions in terms of coating thickness, grafting density, nonspecific background,
and retained target response. Coating-induced changes in the resonance and near-field
profile should also be assessed, particularly when the weak-perturbation approximation
is no longer valid. For example, zwitterionic nanoplasmonic bio-meshes functionalized
with an L-cysteine monolayer of less than 1 nm thickness achieved a pyocyanin detection
limit of 5.6 nM in undiluted human serum [205]. In separate experiments, the platform
monitored Pseudomonas aeruginosa biofilms in a culture-medium-agar environment over
48 h. This example illustrates thin-interface engineering for antifouling sensing, while
serum detection and prolonged biofilm monitoring represent distinct validation conditions.

4.4.1. Bacterial Detection and Clinical Infection Diagnostics

Metasurface bacterial sensing follows two routes: classification of intact bacteria
from dielectric or spectral fingerprints, and targeted capture from clinical samples. Both
require low-load sensitivity and species discrimination, while the need for prior culture
and compatibility with clinical matrices determine their practical utility [206,207].

The fingerprinting route exploits differences in dielectric properties and full-spectrum
responses among microbial species. Zhong et al. reported species-dependent concentration—
frequency-shift responses for two Staphylococcus species using a THz metasurface [208]. Yu
et al. combined the full transmission spectra of an all-dielectric metagrating with machine
learning to classify eight clinical pathogens. The best-performing model achieved 97.5%
accuracy, while external validation accuracy exceeded 96% in two independent cohorts
of clinical isolates [209]. This approach avoids the need to develop a separate antibody
recognition interface for each target. However, the samples primarily comprised cultured
clinical isolates, making this a method for rapid identification after culture rather than
direct testing of patient specimens.

Microfluidic integration can further improve automated sample transport and mea-
surement consistency. THz chips incorporating microfluidics have been used to quantify
and distinguish microorganisms including Candida albicans, Staphylococcus aureus, and Es-
cherichia coli [210]. Multiparameter THz readout can further lower detection thresholds,
although greater sensitivity alone does not ensure species specificity.

Surface functionalization is increasingly important for clinical detection. Ma et al.
combined a quasi-BIC metal-graphene THz metasurface with a boronic acid-functionalized
capture interface, nanoparticle enhancement, and microfluidics. The platform achieved
detection limits of 11-14 colony-forming units (CFU) mL~! for E. coli, S. aureus, and Pseu-
domonas aeruginosa and underwent preliminary evaluation using samples from 10 patients
with suspected bacteremia. Positive results were obtained approximately 5 h earlier, on
average, than with conventional blood culture. The platform also enabled bacterial inac-
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tivation through combined photothermal effects and reactive oxygen species [211]. This
work demonstrates the integration of capture, detection, and inactivation, although its
clinical validation remains limited by the small sample size.

More direct evidence from clinical specimens comes from the Plasmonic Array
Nanohole Technology on Metal-Insulator—-Metal (PANTOMIM) platform. As shown in
Figure 6e, Kurt et al. developed an Au/SiN/Al MIM nanohole array whose waveguide
architecture suppresses metal-substrate-associated resonances, improving the extinction
and spectral purity of the target resonance under aqueous sensing conditions. Antibody
functionalization enabled specific capture of uropathogenic E. coli (UPEC). Following sim-
ple sample filtration, detection was completed in approximately 15 min. In a clinical cohort
comprising 50 UPEC-positive and 50 UPEC-negative urine samples, the platform achieved
an accuracy above 90% and an AUC of 0.972 [212]. By reducing reliance on bacterial culture
before analysis, this approach demonstrates the potential of combining specific surface
recognition with high-extinction, spectrally selective readout for clinical point-of-care test-
ing. Its current focus on UPEC nevertheless requires further validation in larger cohorts
and extension to multiple pathogens.

4.4.2. Live-Cell Sensing and Functional Monitoring

Live-cell sensing monitors adhesion, barrier integrity, phenotypes, molecular com-
position, and drug responses. Continuous readout must preserve viability and minimize
measurement-induced perturbations [213,214].

Visible-light MetaSPR platforms convert changes in cell coverage and the cell-chip
interface into continuously measurable optical responses. As shown in Figure 6f, Chen et al.
developed a MetaSPR colorimetric cell chip (MetaSPRCS) to track Caco-2 cell adhesion,
proliferation, and barrier formation, followed by ethanol-induced barrier damage and
dihydroquercetin (DHQ)-mediated repair kinetics [215]. Related MetaSPR nanocup arrays
have been incorporated into metasurface plasmon resonance microscopy (Meta-SPRM)
and 96-well plate platforms for cell adhesion imaging, drug screening, and monitoring of
immune-cell-mediated killing [216,217]. These studies highlight the value of metasurfaces
for label-free, continuous monitoring of cellular function over extended periods, with
opportunities for high-throughput analysis.

THz metasurfaces primarily distinguish cellular phenotypes or states through changes
in overall dielectric properties. Liu et al. developed a bilayer THz metasurface with ro-
tationally misaligned resonators on opposite sides of a dielectric spacer. The platform
combined high-Q resonance sensing with machine learning to assess MCE-7 cell concen-
trations and the proportions of viable, apoptotic, and necrotic cells following paclitaxel
treatment [218]. Other quasi-BIC and nanostructured metasurfaces have been explored
for monitoring macrophage polarization, oxidative-stress-induced apoptosis, and tumor
or neuronal cell states [219-221]. These methods require no fluorescent labeling, but their
readouts primarily reflect overall dielectric responses. Specific discrimination among phe-
notypically similar subpopulations and generalizability across cell types therefore remain
important challenges.

Enhanced mid-infrared spectroscopy provides complementary information on intracel-
lular molecular composition. Mahalanabish et al. used a three-dimensional metal-dielectric
metasurface to extend enhanced near fields into cells and investigate endocytosis through
changes in vibrational bands, including amide I [222]. Kelp et al. combined electrically
biased plasmonic metasurfaces with microfluidic channels to capture live cells by dielec-
trophoresis and acquire their infrared spectra in real time from flowing suspensions [223].
These approaches extend cellular analysis beyond enumeration by combining molecular
spectroscopy with controlled interactions between cells and sensing surfaces.
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Figure 6. Representative metasurface-enhanced biosensing platforms from molecules to cells.
(a) MXene-graphene oxide MetaSPR sensor for continuous glucose monitoring in artificial sweat
(adapted from [164], 2025). (b) High-Q silicon metasurface for SARS-CoV-2 gene-fragment detection
(adapted from [172], 2023). (c) Nanozyme-enhanced MetaSPR immunoassay for cancer biomark-
ers (adapted from [180], 2023). (d) Nanoplasmonic metaEVchip for PDAC classification based on
GPC1/EphA2 signatures (adapted from [194], 2026). (e) Au/SiN/Al nanohole array for direct detec-
tion of uropathogenic E. coli (adapted from [212], 2025). (f) MetaSPR cell chip for real-time monitoring
of Caco-2 barrier damage and recovery (adapted from [215], 2026).

A dual-mode mid-infrared plasmonic metasurface simultaneously measured amide
I/1I vibrational fingerprints and resonance shifts in a spectrally silent region for real-
time monitoring of drug responses in living human cancer cells [224], linking molecular
fingerprints with changes in cellular mass or dielectric properties.

For cell analysis in biofluids, Wang et al. integrated a sloped microchannel with a THz
metasurface to quantify leukocyte concentrations and polymorphonuclear-to-mononuclear
cell ratios in clinical cerebrospinal fluid (CSF) samples from post-craniotomy patients
with suspected central nervous system infection [225]. A tetrahedral-DNA /anti-EpCAM-
functionalized THz microfluidic platform also enabled specific capture and detection of
viable A549 tumor cells [226].

4.5. Summary

Across molecular, particle, and cellular targets, biosensing requirements expand from
molecular specificity and weak-signal resolution to efficient capture, matrix tolerance, sub-
population discrimination, and functional monitoring. Table 3 summarizes representative
performance and validation across these scales.
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Table 3. Representative biosensing strategies, validation status, and key limitations.

Application

Main Strategies

Representative Results

Validation Status

Key Limitations

Hormone/vitamin assays

Whole blood and serum
[162,163,168]; artificial

Weak interfacial

MetaSPR assays; [162,163]; drug/metabolite responses; matrix
. .o > sweat and wearable :
Small molecules SERS fingerprinting; and continuous o interference;
. .. monitoring [164,169]; .. e
THz sensing glucose/nicotine THz model systems recognition stability;
monitoring [164,168,169] [166,167] batch reproducibility
High-Q .
hybridization; Direct-hybridization LOD: Buffers and spiked swab . .
. eluates [172]; plasma Sensitivity; mismatch
molecular 8 fM in buffer [172]; h L
. . il L. . from 12 patients and discrimination;
Nucleic acids amplification; HCR/nanoparticle- 12 controls [175]; other multiplexing:
enhanced assisted ctDNA LOD: L o P exing,
small clinical studies contamination
fluorescence/THz 0.22 ftM [175]
[173,174]
readout
MetaSPR
immunoassays; AFP, CEA, and CA125 Functionalization
o nanozyme quantification [180]; 60 serum samples [180]; reproducibility;
Protein biomarkers amplification; multiplexed sepsis-marker 80 plasma samples [185]  nonspecific adsorption;
SERS/ quasi-BIC detection [185] calibration drift
sensing
Renal-cancer study:
Nanol}ole sensing; LOD: 141 particles/mL. >100 samples [193]; EV heterggepelty;
Extracellular selective capture; . PDAC cohort: 1800 normalization;
. [193]; external-validation .. . .
vesicles spectral/KAN PDAC AUC: ~ 0.99 [194] participants, including cross-center
analysis; SERS/ECL T 360 in external validation generalizability

[194]

Viral particles

Fano resonances;
on-chip enrichment;
quasi-BIC/THz
sensing

SARS-CoV-2 detection
[200]; estimated
volume-based enrichment
factor: >4 x 104 [201];
low-count PRD1 detection
[203]

Laboratory virus studies
[200,201,203]; numerical
proposals [202,204]

Capture efficiency;
virus discrimination;
biosafety; multiplexing

Bacteria

THz/machine
learning
fingerprinting;
quasi-BIC sensing;
PANTOMIM

Isolate-classification
accuracy: 97.5% [209];
LOD: 11-14 CFU/mL [211];
urine-sample AUC: 0.972
[212]

Cultured clinical isolates
[209];
10 suspected-bacteremia
cases [211];
50 UPEC-positive and
50 UPEC-negative urine
samples [212]

Culture dependence;
low-load detection;
species identification

Living cells

MetaSPR imaging;
quasi-BIC/THz
sensing; infrared
fingerprinting;
microfluidics

Caco-2 barrier dynamics
[215]; MCEF-7 cell-state
analysis [218]; live-cell

drug responses [224];
clinical CSF leukocyte
analysis [225]

Cell-culture models and
live-cell assays [215-224];
clinical CSF specimens
[225]

Culture compatibility;
photothermal effects;
phenotypic specificity

Selected protein, EV, and bacterial platforms have been tested in cohorts ranging
from tens to more than a thousand samples. Diagnostic AUCs should be accompanied
by cohort composition, confidence intervals where available, and sensitivity and speci-
ficity at a defined threshold; agreement with quantitative reference assays is a separate
question. Remaining barriers include amplification dependence, variability in functional-
ization and sample processing, limited multicenter validation, and challenges in portable
system integration. Future evaluation should integrate sample processing, interfacial recog-
nition, sensor readout, algorithm validation, and comparison with established clinical

reference methods.
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5. Metasurface-Enhanced Environmental Monitoring

Environmental sensing must distinguish target responses from changing temperature,
humidity, matrix composition, and surface fouling [32,227,228]. Air, water, and soil appli-
cations are considered separately, with emphasis on real-sample validation, quantitative
reliability, and sustained operation.

5.1. Atmospheric Monitoring
5.1.1. Combustible and Greenhouse Gases

Pd-based H; sensors exploit changes in dielectric properties upon hydrogen uptake,
whereas CO, platforms use molecular absorption or adsorption-mediated responses. Prac-
tical operation also depends on response time, drift, and tolerance to water vapor and
temperature changes.

As shown in Figure 7a, Nugroho et al. used particle swarm optimization to jointly
optimize the diameter and height of Pd nanodisks, the array period, and the thickness of
a poly(methyl methacrylate) (PMMA) overlayer. The optimization used an application-
specific FOM defined as the hydrogenation-induced peak shift divided by the resonance
linewidth, which differs from the bulk refractive-index FOM in Equation (5). LSPR en-
hanced hydrogenation-induced peak shifts, while surface lattice resonances narrowed the
spectral linewidth [229]. The optimized periodic array produced resolvable, stepwise peak
shifts over 0.25-1000 ppm H, at room temperature with Ar as the carrier gas. The lowest
experimentally tested concentration was 250 ppb. An LOD of approximately 200 ppb
was estimated by extrapolating the concentration response to a peak-shift threshold of
30, where the reported signal noise was o =~ 0.01 nm, corresponding to a threshold of
approximately 0.03 nm [229]. At 250 ppb, the response time was approximately 40 min
in Ar with the thick PMMA overlayer. Separately, a tandem coating comprising 295 nm
PMMA and 5 nm poly(vinyl alcohol) (PVOH) enabled detection down to 250 ppb in
synthetic air by restricting oxygen access to the Pd surface [229]. Faster response and
recovery, together with validation under variable humidity and temperature, remain nec-
essary for practical deployment. Fiber-integrated optical readout has also been explored
in Pd-based hydrogen sensors, providing a potential route toward compact and remote
sensing configurations [230].

Much of the CO, metasurface research reviewed here focuses on high-Q resonator de-
sign and adsorption-assisted refractive-index sensing. For example, PHMB-functionalized
quasi-BIC THz metasurfaces translate CO, adsorption into predicted frequency shifts, with
performance derived mainly from modeling and numerical simulations [120]. Atmospheric
CO, monitoring requires resolution of small fluctuations around background concentra-
tions of several hundred ppm, together with robustness against water-vapor absorption,
temperature changes, and coexisting gases. Many of these platforms therefore remain at the
proof-of-concept stage, with continuous operation under realistic atmospheric conditions
requiring further validation.

5.1.2. Toxic Gases and Volatile Organic Compounds

Overlapping molecular bands, water vapor, and broad concentration ranges compli-
cate toxic-gas and VOC discrimination. Multichannel spectroscopy, selective adsorption,
and data-driven analysis offer complementary routes to improved selectivity.

Multichannel infrared platforms have progressed to experimental validation. Tan et al.
directly integrated Au/SiO,/Au narrowband absorbers into a pyroelectric detector array,
providing eight spectral channels covering characteristic bands of H,S, CHy, CO,, CO,
NO, CH;0, NO3y, and SO,. The system also enabled concentration retrieval from binary
CO/SO, mixtures [231]. Distinct spectral weighting across channels can help mitigate
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interference from overlapping absorption bands. However, the experiments used standard
cylinder gases mixed with N, which do not fully represent ambient air containing water
vapor, particulates, and other background constituents.

The compact infrared module in Section 3.1.2 occupies approximately 1 cm3, weighs
approximately 1 g, and achieved 98.4% overall accuracy in an independently acquired test
conducted two days later, using one target gas at a time [136]. The PVP-functionalized
THz platform in Section 3.1.1 demonstrated trace-VOC detection under controlled room-
temperature conditions [131]. Both still need validation with multicomponent mixtures,
across temperature and humidity variations, and over extended operation.

Functional materials can also simplify gas-warning readout. For example, liquid
crystals integrated with metasurface holography can convert VOC-induced changes in
liquid-crystal orientation or optical state into visible patterns [232]. This visual format
avoids complex spectral analysis, but reliable discrimination among VOCs and stable
operation under changing temperature and humidity remain challenging.

5.1.3. Water Vapor and Aerosol Particles

Water vapor is both a sensing target and a major interference source. In terahertz
measurements, gas-phase water absorption can overlap with useful spectral features, while
adsorbed water can change the dielectric response, swelling, and sorption equilibria of
functional layers. Temperature fluctuations can additionally alter resonator dimensions,
material optical constants, adsorption kinetics, and source or detector output. These ef-
fects can produce resonance shifts or intensity changes that resemble analyte responses.
Consequently, temperature and relative humidity should be varied independently during
calibration and subsequently tested in combination. Blank reference channels, simultaneous
environmental measurements, and validation of compensation models under conditions
excluded from training are needed to establish whether the target response remains distin-
guishable from background drift [32,130,136,233].

Liu et al. integrated a Au metasurface and a humidity-sensitive GO layer onto the end
face of a multimode optical fiber. Dynamic time warping was used to compare full reflection
spectra with a calibration database spanning 20-90% relative humidity (RH). Reversibility
and repeatability were further evaluated over seven humidity cycles between 15% and
80% RH [233]. Full-spectrum similarity analysis uses more response information than
single-peak tracking. However, validation has primarily involved controlled laboratory
humidity conditions; long-term baseline stability under outdoor temperature variations,
pollutant deposition, and exposure to multiple gases remains insufficiently characterized.

Aerosol detection introduces additional challenges associated with particle transport,
deposition, and size distribution. In 2026, Xing et al. integrated an aerosol transport system
with a THz metasurface supporting Friedrich-Wintgen quasi-BICs and demonstrated detec-
tion of artificially generated SARS-CoV-2 spike-protein aerosols under simulated exhalation
conditions [234]. These results support the feasibility of combining high-Q resonances with
aerosol enrichment and transport. However, the experiments were limited to prepared
protein aerosols; performance with patient breath, naturally occurring bioaerosols, and
ambient particulate matter remains to be established.

5.2. Water Quality Monitoring
5.2.1. Heavy Metal Ions

Trace metal ions produce small bulk refractive-index changes that can be obscured by
abundant background ions. Concentration-dependent dielectric responses alone therefore
do not demonstrate metal-ion selectivity.
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Changes in ionic strength modify the interfacial electrical double layer and electrostatic
screening, which can alter ion partitioning, aptamer conformation, and nonspecific adsorp-
tion at a functionalized surface. These changes can influence an optical signal indirectly
through binding and local composition, in addition to the bulk refractive-index contri-
bution. The electrical screening length should not be equated with the optical near-field
decay length. Selective metal-ion sensing therefore requires calibration at controlled pH
and ionic strength, followed by interference tests involving realistic concentrations of major
background ions and natural organic matter [36,235].

Almawgani et al. simulated the responses of a patterned graphene metasurface to
Cu?* and Mg?* solution models assigned different refractive indices, reporting a sensitivity
of 113.92 GHz/RIU [235]. These simulations demonstrate sensitivity to differences in
dielectric environment, but rely entirely on prescribed refractive-index values, without
device fabrication, competing-ion tests, or analysis of real water samples. The reported
sensitivity therefore characterizes a refractometric response and does not establish Cu?*-
specific recognition.

A transferable strategy for selective ion recognition is provided by the Cd?* aptamer
platform of Shen et al., in which target-induced conformational changes modulate coupling
between Au nanoparticles and a plasmonic metasurface [36]. The authors reported an LOD
of approximately 3.72 pg/L in ultrapure water and evaluated complex-matrix performance
primarily in biofluids. These results demonstrate selective interfacial transduction but do
not establish performance in environmental waters. Application to river water, lake water,
or industrial wastewater requires validation against variations in pH, hardness, natural
organic matter, and competing metal ions.

5.2.2. Organic Pollutants and Biotoxins

SERS fingerprints and recognition-functionalized resonators offer complementary
routes to detecting dilute organic pollutants and biotoxins in water, where bulk refractive-
index changes provide limited chemical selectivity.

Natural organic matter, including humic substances, can introduce broad fluorescence
backgrounds in Raman measurements, compete with target molecules for adsorption
sites, and block access to hotspots. Suspended particles can add scattering and promote
nonuniform deposition, while dissolved organic components may contribute overlapping
spectral bands. Baseline correction can reduce broad spectral backgrounds but cannot
recover analytes excluded from sensing sites by competitive adsorption. Matrix-matched
calibration, recovery measurements at multiple concentrations, and comparison of filtered
and unfiltered samples are therefore needed to determine whether sample treatment
improves optical readout at the expense of analyte recovery [236,237].

Li et al. functionalized Ag nanocubes with different molecules so that pesticide
binding altered interparticle spacing and generated additional SERS hotspots. Combined
with deep learning, the platform distinguished six organophosphorus pesticides [236].
Spiking experiments using water samples collected from farmland, rivers, and fishponds
yielded recoveries of 86.4-115.4% and relative standard deviations (RSDs) of 2.84-6.21%
at concentrations of 5-80 ug/L. The workflow from sampling to result interpretation took
approximately 30 min. These recovery, precision, and analysis-time data provide a practical
basis for assessing environmental applicability beyond enhancement factors measured in
standard solutions. However, the lowest spiking concentration should not be interpreted as
a formal LOD, and further validation using unspiked environmental samples and blinded
testing remains necessary.

SERS structures with dense nanogaps also support trace organic-dye detection. For
example, a hybrid structure combining flow-through nanopores with Ag nanoparticles
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detected malachite green at sub-ppb concentrations in standard aqueous solutions [237].
This performance remains to be validated in environmental waters containing natural
organic matter and suspended solids.

For toxins with established biorecognition elements, high-Q metasurfaces can combine
sensitive optical readout with chemical selectivity. Ma et al. coupled a silicon-disk quasi-
BIC metasurface with antigen—antibody recognition to detect microcystin-LR (MC-LR) at
low concentrations [238]. The high-Q structure improves the resolvability of weak binding-
induced spectral changes, while selectivity primarily derives from the biorecognition
interface. Suppression of nonspecific adsorption, antibody stability, and effective regen-
eration of the sensing surface are therefore important for practical operation in complex
water samples.

5.2.3. Microplastics and Drinking Water Quality Anomalies

Plastic-particle measurements must account for size-dependent responses, limited
refractive-index contrast, and interference from suspended solids and biological debris.
Particle capture, size-distribution analysis, and imaging therefore complement enhanced
optical readout.

In 2025, Ece et al. introduced MicroMetaSense, which combines dye labeling with
fluorescence enhancement by plasmonic near fields. The minimum detectable masses of
PMMA and poly(ethylene terephthalate) (PET) in spiked aqueous samples were 183 and
205 fg, respectively. The platform was further evaluated using real tap-water and lake-
water samples, as well as artificial seawater [239]. Measurements covered particle sizes of
approximately 250 nm-100 pm, with an analysis time below 30 min, supporting a relatively
low-cost approach to sensitive particle detection in complex aqueous matrices. How-
ever, the platform demonstrates sensitive plastic-particle detection but does not establish
polymer-type classification based on the metasurface response.

For broader water-quality assessment, Sperling et al. arranged eight Au metasurfaces
with different surface chemistries in series within a microfluidic channel, as shown in
Figure 7b. Differential resonance shifts across these partially selective surfaces generated
a water-quality fingerprint [240]. Linear discriminant analysis was used to distinguish
influent (INF) and treated effluent (EFF) samples collected from drinking water treatment
works. Fivefold cross-validation with 25 repeated training—validation selections yielded
a mean validation accuracy of 81.8%. Three tap water samples collected at the point
of use and not included in training all produced response patterns more similar to INF
within the model. This approach uses collective response patterns to screen for water-
quality differences without requiring a dedicated recognition element for each contaminant.
However, samples underwent freezing, thawing, and filtration before measurement, and
continuous operation at a water treatment facility has not been demonstrated. The study
therefore represents a laboratory proof of concept using real water samples.

5.3. Soil and Agricultural Monitoring

Soil dielectric responses depend jointly on moisture, salinity, clay content, and organic
matter. Current approaches use extraction or other pretreatment for contaminant analysis,
or multifrequency and multimode sensing of bulk properties. Soil heterogeneity and
preparation-induced matrix changes limit reproducibility and transfer across soil types and
regions [241-243].

5.3.1. Pesticide Residues

Pesticide sensing in soil and agricultural products is constrained by uneven residues
and matrix interference. THz measurements often require pretreatment to reduce water ab-
sorption; SERS requires reproducible hotspots and efficient analyte enrichment or delivery.
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Some THz metasurface studies have explored pesticide sensing numerically, includ-
ing calculations of mass and refractive-index responses for multiple pesticides in model
wheat-flour matrices [241]. These studies support structural design and assessment of po-
tential analyte responses. However, without device fabrication and experiments using real
samples, their predictions do not establish detection limits under environmental conditions.

SERS metasurfaces have progressed to testing in agricultural extracts. In 2026, Vural
Kaymaz et al. combined a hexagonal Au MIM SERS metasurface with deep learning to
distinguish six pesticides and conducted experiments using cucumber extracts [242]. By
integrating dense hotspots with data-driven classification, this study extended evaluation
from standard molecular spectra to complex agricultural matrices. Nevertheless, sample ex-
traction remained necessary, and continuous in situ field monitoring was not demonstrated.

Related SERS nanostructures have also been applied to soil analysis. A system based
on coupled graphene-coated Ag nanoparticles enabled quantitative detection of thiram
in spiked soil [244], supporting the applicability of SERS to solid agricultural matrices.
However, the effects of soil type, moisture content, and humic substances have yet to be
systematically compared. Transferable Au@Ag SERS substrates have also enabled direct
collection of pesticide residues from strawberry, apple, and mushroom surfaces [245],
offering a route to simpler on-site sampling with reduced sample transfer.

In soil extracts, humic fluorescence and competitive adsorption should additionally
be evaluated together with extraction recovery, because improved spectral clarity after pre-
treatment does not necessarily indicate unbiased recovery of the original soil contaminant.

5.3.2. Soil Moisture and Nutrients

Moisture and nutrient estimates from soil dielectric responses can be confounded by
temperature, salinity, clay, density, and organic matter. Multifrequency measurements and
calibration across soil types are needed to separate these contributions.

Extending metasurface concepts to microwave frequencies, Amiri et al. demonstrated
a passive absorber based on substrate-integrated waveguide cavities, with moisture-
dependent responses across multiple resonance bands [243]. Experimental validation
used sandy soil under controlled laboratory conditions. Further assessment should address
interference from other soil properties and verify performance across soil types using
independent samples.

In 2026, Wang et al. introduced SoilNutri, a passive, battery-free underground sensing
capsule based on a complementary split-ring metasurface, as shown in Figure 7c. The sys-
tem uses ground-based or drone-mounted ultra-wideband (UWB) radar to acquire reflected
signals and a data model to jointly estimate soil moisture and nitrogen content [246]. Model
performance was evaluated using root-mean-square error (RMSE) and mean absolute error
(MAE); the reported MAEs were approximately 0.64% for moisture and 5.14 ppm for nitro-
gen content, while the material cost per sensing unit was below US$1. The integration of
passive wireless readout, simultaneous estimation of two parameters, and field validation
under the reported test conditions demonstrates a promising route toward large-scale
agricultural deployment. Nevertheless, the reported experiments were conducted at a
relatively stable ambient temperature of approximately 15 °C [246], leaving robustness
across broader temperature variations to be established. Encapsulation aging during pro-
longed burial, changes in soil compaction, biological activity, and regional variations in
mineral composition may also affect model transferability. Further development requires
sustained testing across multiple sites, seasons, and temperature conditions, supported by
representative reference soils and calibration databases.
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Figure 7. Representative metasurface-enabled platforms for environmental monitoring. (a) Pd
nanodisk arrays for hydrogen sensing (adapted from [229], 2022). (b) Cross-reactive nano-tastebud
array for water-quality classification (adapted from [240], 2023). (c) Passive SoilNutri capsules for
soil moisture and nitrogen sensing (adapted from [246], 2026).

5.3.3. Mycotoxins in Agricultural Products

Mycotoxin detection is included as a complementary agricultural application, primar-
ily validated in food and feed extracts. Low target concentrations and complex matrices
motivate selective antibody or aptamer interfaces, with performance assessed through
real-sample validation, stability, and comparison with reference methods.

As a related enhanced spectroscopic platform, Chen et al. developed a competitive
immunoassay for AFB; using photonic crystal microspheres and SERS nanotags in 2026.
The assay yielded a calculated LOD of 0.988 pg/mL and a reported linear dynamic range
of 1 pg/mL-100 ng/mL. After storage at 4 °C for 14 days, the sensor retained approxi-
mately 89.2% of its initial SERS signal. Performance was further evaluated using spiked
corn and oat samples and compared with ELISA [247]. These data extend performance
evaluation beyond detection limits to complex-matrix compatibility and storage stability.
However, the incubation and washing steps required by the competitive immunoassay add
to workflow complexity.

Veliz et al. integrated aptamer-functionalized Au nanoholes with flow-through mi-
crofluidics for AFB; detection in maize, coffee, and rice extracts [248]. The workflow
included a 10 min flow-assisted incubation at 5 pL/min before SERS acquisition. Con-
trolled sample transport and testing in food extracts support the platform’s relevance to
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agricultural screening. Sample extraction remains necessary, and direct in situ detection
during field use, storage, or transport has yet to be demonstrated.

5.4. Summary

Across atmospheric, water, and soil monitoring, sensing strategies increasingly com-
bine selective interfaces, multichannel readout, and data-driven analysis rather than relying
on single-resonance responses alone. Table 4 compares representative strategies, results,
validation conditions, and deployment limitations.

Table 4. Representative environmental sensing strategies, validation status, and key limitations.

Application Main Strategies Representative Results Validation Status Key Limitations
H, tested down to
Pd hydrogenation; 55005 pragghap];o;;;egc]i' Controlled gas tests low—coilc(:gtra ton
multichannel P PPR AT [131,136,229,231];
. overall classification - response; tempera-
Atmosphere infrared i o laboratory humidity humidi
spectroscopy; THz accuracy: 98.4% in and protein-aerosol ture/humidity
enI:“ ichment /re,a dout single-target-gas tests studies [233,234] interference; mixture
[136]; reported VOC ! discrimination; drift
LODs: 8.2-12.2 ppb [131]
Environmental-
Recognition PMMA /PET minimum  water spiking [236];
interfaces; detectable masses: tap/lake water and Matrix interference:
SERS/machine 183/205 fg [239]; artificial seawater . .
Water . . . fouling; regeneration;
learning; quasi-BIC cross-validated water [239]; model transferabilit
sensing; fluorescence; classification: 81.8% treatment-water and y
cross-reactive arrays [240] tap-water analysis
[240]
. SoilNutri MAEs: Extracts or spiked Soil heterogeneity;
SERS; direct surface . samples . .
. . . ~0.64% moisture and moisture/salinity
Soil and sampling; passive . [242,244,247,248]; . .
. ~5.14 ppm nitrogen : coupling; regional
agriculture metasurfaces; [246]; AFB; LOD: laboratory soil tests calibration:
data-driven sensing ! ! ; [243]; field soil !

0.988 pg/mL [247]

sensing [246]

encapsulation aging

Validation remains uneven: atmospheric studies mainly use prepared gas mixtures
or artificial aerosols, water studies increasingly use real samples in offline laboratory
measurements, and soil-pollutant studies commonly rely on extracts or spiked samples.
Some passive soil-sensing platforms provide field evidence.

6. Conclusions and Outlook

Metasurface sensing increasingly combines resonant enhancement with selective inter-
faces, sample handling, and multidimensional readout. Across the reviewed applications,
high Q factors, strong field enhancement, and low detection limits alone do not establish
reliable performance in complex samples.

Table 5 retains the original modeling, measurement, and validation contexts. Its
metrics are not interchangeable and should not be combined into a single ranking. Tested
concentration intervals must be distinguished from validated quantitative ranges, and
calculated or extrapolated LODs from the lowest experimentally tested concentrations.

Overall, sensing performance is set by the entire measurement chain: the resonator
determines the accessible field distribution and spectral response; sample transport deter-
mines how much analyte reaches that field; recognition chemistry governs selective capture
or interaction; the matrix introduces competing adsorption and background signals or fluc-
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tuations; and the readout converts these interactions into a calibrated estimate. Improving

one component may expose a limitation elsewhere. A narrower resonance, for example,

provides little analytical benefit if binding is transport-limited or environmental drift ex-

ceeds the analyte-induced shift. Evaluation should therefore combine optical metrics with

repeatability, fabrication reproducibility, matrix compatibility, and operational stability.

Table 5. Selected quantitative performance measures and their validation context.

Study/Platform

Evidence/Test Conditions

Selected Reported Metrics

Interpretation/Validation Context

A. Optical and modeled sensing metrics

PHMB-coated THz CO,

Concentration sensitivity:

Depends on the functional-layer

sensor [120] Numerical 0.06 GHz/ppm; theoretical model; requires experimental
LOD: ~33.3 ppm gas-exposure calibration
Maximum sensitivity: Reported maxima may correspond to
Six-band AlCuFe absorber Numerical 3000 GHz/RIU; maximum Q: different resonances or parameter
[98] 165.34; maximum FOM: conditions and should not be
56.82 RIU~! interpreted as a single operating point
Maximum reported Maxima may correspond to different
Four-band AlCuFe Numerical sensitivity: 3120 GHz/RIU; resonances/settings; no
absorber [100] maximum Q: 108.08; analyte-specific or practical analytical
maximum FOM: 28.65 RIU validation
. e Calculated responses to changes in
Five-band graphene Numerical Wavelength sensitivities: ambient refractive index: no

absorber [109]

930.6-1134.3 nm/RIU

analyte-specific LOD can be inferred

B. Analytical measurements, validation, and workflow-dependent performance

Mid-infrared
gas-classification platform
[136]

COz/CH4Z 10—1000/0,' NH3Z

100-1000 ppm; MEK:
200400 ppm

Overall hold-out accuracy:
98.4%; class-specific
true-positive rates: 94.4-100%

An independent dataset was acquired
two days later; this supports
short-term transferability but does
not establish long-term field stability

Ag-pSi mycotoxin SERS
platform [143]

Concentration calibration;
separate spike-recovery
tests in wheat, maize, and

Calculated LODs: 0.008, 0.547,
and 0.922 ppb for AFBy, FBy,

Food-sample recoveries: 95-104%;
RSDs: 1.5-6.6%. These assess
sample-workflow performance,

Silicon DNA metasurface

. and OTA, respectively separately from calibration-based
rice
LODs
Physiological buffer; Response within ~5 min at 100 nM in

separately tested spiked

Average Q: ~2200; LOD:

spiked swab eluates; the
swab-response condition is different

[172] nasophafyntgeal swab ~8 fM in buffer from that used to determine the
cluates buffer LOD
Analytical calibration; Includes HCR and
HCR/nanoparticle- separate plasma nanoparticle-mediated amplification;
assisted ctDNA sensing evaluation involving Reported assay LOD: 0.22 fM small-cohort plasma evaluation
[175] 12 patients and 12 healthy should be distinguished from
controls analytical LOD determination
Enzyme-functionalized experimental
Ag/MOF fiber SPR sensor ~ Glucose calibration range: Wavelength sensitivity: reslij)trﬁzzn;ﬁ;iel;er?o?}:t)eeirfiibiztzc;nas
[165] 0.1-12 mg/mL 9.99 nm/(mg/mL) P p

evidence of clinical diagnostic
performance

Pd hydrogen sensor [229]

0.25-1000 ppm H; in Ar;
additional synthetic-air
tests

Ar: lowest tested
concentration, 250 ppb;
extrapolated LOD, ~200 ppb.
Synthetic air: detection
demonstrated at 250 ppb

Response time: ~240 min at 250 ppb in
Ar, illustrating a sensitivity—kinetics
trade-off
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Table 5. Cont.
Study/Platform Evidence/Test Conditions Selected Reported Metrics Interpretation/Validation Context
Environmental-water Water samples spiked at Recoveries: 86.4-115.4%; ;foitl;i ﬁ?}jﬂﬁlﬁlji(z)’?lbl:ic;;etgc)l“;‘;s;
SERS platform [236] 5-80 ug/L RSDs: 2.84-6.21% P

formally established LOD

Photonic-crystal /SERS
AFB assay [247]

AFB; calibration solutions;
separate spike-recovery
tests in corn and oat
samples

~89.2% signal retained after 14 days
at 4 °C; this represents storage
stability rather than continuous
operational drift

Calculated LOD: 0.988 pg/mL;
reported linear dynamic
range: 1 pg/mL-100 ng/mL

The photonic-crystal/SERS AFB; assay reported intra- and interassay coefficients of
variation of 7.45% and 6.73%, respectively, at 10 ng/mL [247]. The Ag-pSi aptasensor main-
tained comparable responses through four regeneration cycles and, separately, during three
weeks of storage at 4 °C [143]. These measurements assess assay precision, regeneration,
and storage stability; they do not establish reproducibility across independently fabricated
batches or quantify continuous baseline drift.

6.1. Data Processing and Machine-Learning Validation

Machine learning can assist spectral classification, concentration estimation, and
inverse design, but the validation strategy must match the intended use. Preprocessing
should document baseline correction, denoising, wavelength alignment, normalization,
and treatment of missing or saturated channels. Any preprocessing parameters, feature
selection, or dimensionality reduction learned from data must be fitted within the training
partition. Applying these steps to the complete dataset before splitting can leak information
from the test set and produce optimistic performance estimates.

Physically defined features, such as resonance positions, linewidths, intensity ratios,
and integrated band areas, provide interpretable inputs. Data-driven alternatives include
principal component analysis for dimensionality reduction and recursive feature elimina-
tion for selecting wavelength subsets. These representations should be compared with
full-spectrum models using identical patient- or site-level data partitions. Feature selection
and model tuning should be restricted to the inner training folds of a nested validation
procedure, with selection stability examined across folds.

Data partitions should preserve the independence of the underlying specimens. Re-
peated spectra, aliquots, or measurements from one patient should remain in the same
partition; environmental datasets may additionally require grouping by collection site,
sampling period, device, or fabrication batch. Model selection should use an internal vali-
dation procedure, followed by evaluation on an untouched test set. Small datasets require
particular attention to model complexity and uncertainty. Classification reports should
include class distributions, confusion matrices, sensitivity and specificity at a defined thresh-
old, and confidence intervals, while regression reports should include prediction errors,
bias, and performance across the calibration range. External-cohort testing, as illustrated
by the EV and pathogen-classification examples [194,209], provides stronger evidence of
transferability than randomly splitting repeated measurements from the same source.

Physics-informed approaches can complement data-driven models by incorporating
governing equations and known material or spectral relationships [65-67]. In physics-
informed neural networks (PINNSs), residuals of electromagnetic equations and boundary
conditions can be included in the training objective alongside available data. For inverse
design, this formulation can support parameter retrieval and the search for structures with
target optical responses. For spectral decoding, a reliable physical forward model may
help constrain the inference of analyte properties, although parameter identifiability still
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requires assessment. Material dispersion and fabrication constraints should also be consid-
ered. Physical consistency alone does not establish chemical specificity or robustness to
unmodeled matrix effects; comparisons with simpler models, independent measurements,
and uncertainty estimates remain necessary.

6.2. Reporting and Validation of Sensor Readiness

A common reporting framework should separate optical characterization, analytical
validation, and evidence of operation in the intended setting. The following items are
proposed as minimum reporting categories for research comparisons, rather than universal
regulatory acceptance criteria.

Optical characterization should specify the measurement medium, illumination con-
ditions, spectral resolution, resonance-fitting method, and uncertainty in Q, sensitivity,
and FOM. Numerical values should be accompanied by the material model, analyte ge-
ometry, and simulation assumptions. Detection limits calculated or extrapolated from
experimental data should be distinguished from the lowest concentrations tested, and
the validated quantitative range should be reported separately from the full range of
concentrations explored.

Analytical validation should include matrix-matched blanks, calibration details, and
measurements near the proposed detection limit. The limit of blank describes the up-
per range of apparent signals expected from analyte-free samples, whereas the LOD
describes the lowest analyte level distinguishable from the blank with a specified de-
tection probability [249]. A 3o-based estimate should state the source of o, the calibra-
tion model, and whether the estimate was confirmed using low-concentration samples.
Spike recovery should be evaluated at multiple concentration levels and calculated as
Recovery = [(Cspiked — Cunspiked)/ Caddea] X 100%, with all concentrations expressed on the
same dilution-corrected basis. Cross-reactivity tests should include plausible interferents
individually and in mixtures at relevant concentration ratios.

Precision reporting should distinguish repeated measurements within one chip, differ-
ences between chips, and differences between independently fabricated and functionalized
batches. The corresponding numbers of independent units and technical replicates should
be stated, together with RSD = s/mean x 100% where appropriate. Functionalization
stability should be evaluated through retained target response, nonspecific background,
and regeneration performance. Continuous operation requires an explicit observation
period, baseline drift in signal units per unit time or concentration-equivalent units, and
the temperature, humidity, flow, and matrix conditions. Storage stability and response
retention after regeneration should be reported separately from operational drift.

Finally, claims of practical readiness should be supported by progressively more
representative samples: controlled standards, matrix-spiked samples, independent real
specimens, and operation in the intended clinical or environmental setting. Clinical classi-
fication requires independent subjects and comparison with relevant reference methods;
environmental deployment requires evaluation across changing conditions, sampling sites,
and measurement periods. Acceptance limits for recovery, precision, drift, and response
time should be specified according to the intended application before validation, rather
than imposed as a single threshold across all metasurface sensors.

Deployment requires integrated sampling, readout, calibration, and data transmission.
Fiber-based, flexible, and portable designs offer useful routes, provided that packaging, in-
terface lifetime, localized heating, and contamination are addressed. Automated sampling,
regeneration, and wireless communication may further support sustained operation.
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